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Abstract. The molting process and body growth in Rhodnius prolixus (Hemiptera:
Reduviidae) (Ståhl, 1859) are significantly influenced by the availability and quality of
food. Based on the body weight of each stage, the present study provides estimates of a
potential critical weight threshold required for molt initiation in R. prolixus. In addition,
a new measure given by the area under the weight curve is proposed, which encapsulates
both body weight and time. It is shown that this measure is consistent with the data,
and allows the estimation of a pre-refractory period (i.e. the time interval between the
moment at which the critical weight threshold is reached and the moment when no
further meals are accepted). The present analysis estimates the critical weight threshold
as 1.6, 5.3, 12.9, 42.0 and 97.0 mg for stages 1–5, respectively, whereas the values of the
area under the curve threshold as 5, 16, 31.2, 159.7 and 329.9 mg days for stages 1–5,
respectively. The results of the present study confirm the existence of a weight-dependent
mechanism for the initiation of molting in R. prolixus.

Key words. Area under the curve, critical weight, feeding interval, feeding strategy,
feeding time, haematophagy, meal size, molting initiation, refractory period, Rhodnius
prolixus.

Introduction

Similar to most arthropods, pre-adult nematodes and other
Ecdysozoa, insects show a punctuated growth indicated by peri-
odic molts, during which successive larger cuticles are formed
to accommodate ongoing body growth. The body growth and
molting processes are influenced by a number of environmen-
tal factors, most importantly the quantity and quality of food. In
vector insect species, body weight and other feeding parameters
(e.g. minimum food ingestion for molting, duration of feeding
and initiation of molt after feeding) are important for population
growth and persistence under variable and frequently uncertain
host availability conditions, and thus they are also indirectly
related to disease transmission.

Correspondence: Roberto A. Saenz, Facultad de Ciencias, Uni-
versidad de Colima, Bernal Díaz del Castillo 340, Col. Villas San
Sebastián, C.P. 28045 Colima, Col., Mexico. Tel.: +52 312 3161135;
e-mail: rsaenz@ucol.mx

Rhodnius prolixus (Hemiptera: Reduviidae) (Ståhl, 1859)
is an important vector of Chagas disease that is distributed
in Central America and northern South America, especially
Venezuela, Colombia, Guatemala, Honduras and El Salvador.
Rhodnius prolixus inhabits mainly wild environments, such
as palm trees, although it is also well adapted to domestic
environments (Schofield, 1994). Rhodnius prolixus is one of the
best known triatomine species from a physiological point of
view, from the initiation of food searching (orientation to the
host) to feeding features (Schilman & Lazzari, 2004; Ferreira
et al., 2007; Fresquet & Lazzari, 2011; Vinauger et al., 2012).
From the earliest studies on blood ingestion in R. prolixus
onward, the feeding process is described as a ‘chain of reflexes’
(Wigglesworth & Gillett, 1934) in which the initiation of
the response is conditioned by the physiological state of the
insect (Friend & Smith, 1977) and the insect starts seeking
food via the perception of the radiant heat of a warm source
at a distance (Lazzari & Núñez, 1989), with the antennae
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playing a key function (Wigglesworth & Gillett, 1934; Flores
& Lazzari, 1996). In R. prolixus, all five nymphal instars
and adults are obligatory hematophagous insects and potential
vectors of Trypanosoma cruzi, the aetiological agent of Chagas
disease, which afflicts 6–7 million people worldwide, mostly
in Latin America (WHO, 2016). Similar to most triatomines,
R. prolixus is unable to molt without feeding and nymphs
usually have to feed more than once to be able to molt
to the next stage. Individuals that have passed a ‘critical
period’ after feeding produce a factor or hormone that induces
molting (Wigglesworth, 1934). However, there is no information
available on the relationship between minimum blood meal
size ingested and time from blood ingestion to molt initiation.
Various relationships have been investigated between weight,
weight gain and molting in R. prolixus (J. E. Rabinovich,
P. Medone & N. di Clemente, unpublished data), although no
attempt has been made to tackle the ‘critical period’, nor the
minimum blood meal size ingested that triggers molt initiation.

In other insect species, the existence of an inverse relation-
ship between body growth rate and the timing of the next
molt is taken as evidence that molt does not occur on a reg-
ular time schedule but instead is triggered by a growth- or
size-dependent mechanism; this relationship is theoretically
analyzed by Hentschel (1999). In the tobacco hornworm lar-
vae Manduca sexta, molt is triggered when larvae reach a
well-defined ‘critical weight’ (Nijhout & Williams, 1974a,
1974b; Davidowitz et al., 2003, 2004; Nijhout et al., 2006; Cal-
lier & Nijhout, 2011). The critical weight is defined as the
weight (or body size) at which an insect larva makes the
developmental-physiological ‘decision’ to begin the molting
process. At the critical weight, a developmental process is initi-
ated that culminates in the secretion of ecdysone, which causes
the cessation of feeding and the molt to occur.

By contrast to Lepidoptera such as M. sexta, triatomines have
a limited feeding time on their vertebrate hosts because of
predation risk by their host. Accordingly, it is not clear whether
a threshold weight is responsible for initiating the molting
process in triatomines. The present study aims to determine the
critical threshold body weight or meal size required to initiate
molting for each nymphal stage of R. prolixus, feeding on a
restrained live mouse, thus eliminating the predation risk. An
estimate of an additional physiological parameter that we term
the ‘pre-refractory period’ (i.e. the time between reaching a
critical body weight threshold and the cessation of feeding) is
also provided. In our analysis, four potential triggers for molting
are considered: body weight, amount of ingested blood, relative
gain of weight, and a combination of weight and time. The
implications of the results of the present study are discussed in
light of evolutionary theory.

Materials and methods

Laboratory methodology

An experiment was designed where the feeding frequency and
the feeding time of different R. prolixus stages were controlled.
Single individuals of each of the five instars of R. prolixus

were fed on a mouse (using a different individual mouse
on each occasion); 10 replicates were used for each stage,
except for instar 1, for which only five replicates were used.
Individuals were fed for fixed times ranging from 2 to 12 min,
combined with a given time interval among meals determined
by the experimenter (every 2, 4, 6, 8 or 10 days); the selected
intervals cover previous estimates of the average number of days
between meals under field domiciliary conditions (Rabinovich
et al., 1979). Each individual was offered a blood meal for
2 and 4 min in stages 1, 2 and 3; for 4 and 8 min in stage
4; and for 4, 8 and 12 min in stage 5. For all stages, insects
were kept and exposed individually to all combinations of
feeding durations and intervals between meals. All insects were
weighed individually before and after the host was offered for
feeding; the weight after feeding was taken immediately after
the interruption of the meal to ensure that no diuresis took
place; all individuals were checked daily to record the exact
date of death or molting. After an individual had been used
in a given experiment, it was returned to the general rearing
colony and never used in the same or any other experiment.
Individuals who died before molting and those who molted
without rejecting any meal were removed from the analysis (the
latter could not be analyzed with the employed methodology;
an explanation for this is below). The number of individuals
analyzed was 33, 67, 89, 98 and 124 for stages 1, 2, 3, 4
and 5, respectively. The variation in the number of individuals
analyzed from each stage was a result of differences between
stages in the combination of feeding frequency and feeding
time, as well as other factors (e.g. removal from the analysis
of those individuals that molted without rejecting a meal, and
discarding individuals that died or had an abnormal molt). All
individuals used in the experiments were taken from the general
R. prolixus colony, without any particular selection criteria;
because the jars of the colony containing the insects were
periodically mixed, we assume that the individuals used in the
experiments can be considered as a real Mendelian population
and are only randomly related. Controlled rearing conditions
were kept constant (26 ∘C and 60% relative humidity); more
details on the laboratory methodology are available elsewhere
(J. E. Rabinovich, N. di Clemente & P. Medone, in preparation).

Triggers of molting

Two physiological indicators were used to estimate a threshold
value that triggers molting. The first was exclusively dependent
on body weight and the second was dependent on both body
weight and the time an individual has spent in a given stage
after the first offered meal. Because there is no clear significant
pattern for feeding frequency and feeding time on molting
probability and time (J. E. Rabinovich, P. Medone & N. di
Clemente, unpublished data), it was assumed that these factors
do not impact the initiation of molting. More importantly, it was
assumed that, for a given indicator, there is a threshold value
such that, if the level of the indicator reached this threshold,
then the molting process would initiate. In addition, the goal
was to identify a measure that did not depend on any specific
feeding patterns because these would be unknown outside
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an experimental setting. Therefore, the data for each stage,
corresponding to different feeding lengths and frequency, were
pooled together for their analysis. For example, for stage 1, all 33
individuals were pooled to determine the physiological indicator
associated with the trigger of molting.

Weight-related measures. Three measures were defined as
potential triggers of molting that depend only on body weight:
(i) total body weight (mg); (ii) meal size as amount of blood
ingested (mg, as the difference between pre- and post-feeding
recorded weights); and (iii) relative body weight (total body
weight relative to the initial body weight before the first meal,
i.e. a dimensionless number). Each of these measures was given
as a function of time; because weight was recorded in fixed
time intervals, a linear interpolation between recorded body
weights was used (lines joining the points in Fig. 1A) to obtain a
continuous curve for the change in time of the above measures.

Body weight and time: area under the curve (AUC). The
AUC of the weight was employed as a measure that depends
both on body weight and time subsequent to the beginning of
the experiment; by definition, the units of AUC are mg days,
representing the accumulated body weight in a given time
interval (from the beginning of the experiment until a given
time). The complete weight curve was created by means of a
linear interpolation between recorded weights at several time
points determined by the time intervals of the experimental
design. The area was computed numerically for each individual
using the trapezoidal method for estimating the integral of a
function. The resulting AUC was a function of time from zero (at
the initial weight of the insect before the first meal was offered)
until the time the first meal is rejected because, by our definition
of threshold (see below), a rejected meal was a sign that the
threshold had been achieved. This explains why all individuals
that molted without rejecting any offered meal were excluded
from our analysis (otherwise, there would not be an end point
for interpolating the last interval). On this basis, a total of 7, 33,
7, 0 and 2 insects from stages 1, 2, 3, 4 and 5, respectively, were
removed from the analysis. A graphical explanation of these
definitions is provided in Fig. 1(B, C).

Threshold values

The threshold was defined as the value of any of the above indi-
cators that, once reached, initiates the physiological processes
leading to triatomine molting.

To estimate the threshold value for any specific measure, the
number of individuals that reached each feasible value of the
threshold (i.e. those values that are candidates to be the thresh-
old, which vary for each specific measure and each insect stage)
was recorded. Such individuals were referred to as ‘valid indi-
viduals’. The ‘molting period’ was defined as the period of time
elapsed from the moment the threshold was reached until molt-
ing was complete. It was assumed that the best estimate of the
threshold was the greatest value that corresponded to the largest
number of valid individuals and the minimum variance of the

Fig. 1. The key concepts in the molting process. (A) The concepts of
threshold, pre-refractory and refractory periods based on a weight curve
as the trigger for the molting process. Black and white circles represent
the insect weight when an offered meal is accepted or not accepted,
respectively. Grey circles represent the insect weight after feeding. (B)
Weight as a function of time. Shaded region represents the area R under
the curve from the initial time (start of experiment) until time tR. (C)
Area under the weight curve (AUC) as a function of time. Area of region
R in (B) is just a single point (tR, R) in the AUC curve.

molting period. Ideally, all individuals should be valid, which
would correspond to the simplest estimation of the threshold
value. A weight was required to rescale the two quantities that
were being optimized (maximum number of valid individuals
and minimum variance of the molting period) because they had
different dimensions. An arbitrary weight of 10% of the vari-
ance of molting period was chosen, which implied that a largest
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Fig. 2. Flowchart describing the algorithm for the computation of the
best estimate of the threshold,CT . T denotes a value of a given measure
that defines the threshold, n(T) is the number of valid individuals that
satisfies the threshold definition for the measure value T , and σ2 denotes
the variance of the molting period associated to a specific value of the
measure T .

threshold value was selected with one less valid individual only
if there was a decrease of at least 10% in the variance of the cor-
responding molting period. A flowchart of the algorithm used to
compute the best estimate for the threshold is provided in Fig. 2:
the greatest value of any of the four measures of the threshold
T that maximized the number of valid individuals, called n(T),
was searched for; this value T was called T*; then the value
of the measure T̂ that was satisfied by one less individual than
T* was selected if its corresponding variance had a reduction
of at least 10% (from σ* 2 to σ̂2) (i.e. if σ∗2 < 0.9 × σ̂2); in that
case, T* was changed to T̂ and the previous step was repeated,
otherwise the best estimate threshold CT was set at CT =T*.

Pre-refractory, refractory and molting periods

The ‘refractory period’ was defined as the interval between
the time when no more blood was ingested (i.e. no more meals
would be accepted) from a series of successive food offers,
until ecdysis took place. Conversely, the ‘pre-refractory period’
was defined as the time interval from the moment the threshold
was reached until the time when no more blood was ingested
(no more offered meals would be accepted). The pre-refractory
period is similar to the ‘interval to cessation of growth’ or
‘terminal growth phase’ used by Callier & Nijhout (2013)
when referring to a similar process in M. sexta. The ‘molting
period’ was defined as the sum of pre-refractory and refractory
periods. A graphical description of these definitions is provided
in Fig. 1(A).

Because the date of ecdysis was recorded in the experiments,
estimating the time when the threshold is reached provided a

direct estimation of the molting period; thus, an estimate for the
pre-refractory period determined an estimate for the refractory
period (and vice versa). The pre-refractory period was estimated
using the best estimate for the threshold value. A feasible value
for the pre-refractory period was tested by counting the number
of individuals for which the data were consistent with that
threshold value; an individual was consistent with the threshold
value if the pre-refractory period being tested was between
the computed bounds from the experimental data, where the
lower bound was the period between time at threshold and the
time for the last accepted meal, and the upper bound was the
period between the time at threshold and the time when a meal
was rejected for the first time, and thereafter always rejected
until molting. Among the possible values of the pre-refractory
period, the values with the largest number of valid individuals
were preferred. To cover the whole range of feasible values
for the pre-refractory period, 1-h intervals were taken for each
(computational) test (covering a range between the interval [0,1],
which corresponded to the first hour, up to the interval [167,168],
which corresponded to the hour just before a reasonably upper
arbitrary value of 7 days).

Results

Weight-related measures

Table 1 shows the estimated threshold value for each nymphal
stage using the absolute body weight as the measure that triggers
molting. Table 1 also includes the number of valid individuals
and the variance and mean of molting period corresponding
to the best estimate of the threshold values. Threshold values
are fulfilled for almost 100% of individuals in most stages.
The mean molting period ranges from 7.8 days for stage 1
to 12.4 days for stage 4, increasing steadily for the first four
stages by an average of 1.5 days per successive stage. The
mean molting period for stage 5 is 21.5 days (i.e. there is an
abrupt increase of 9 days from the previous stage). However,
this abrupt increase in the mean molting period for stage 5 was
not reflected in its estimated threshold value, which follows the
smooth pattern of increase from the previous stages (an increase
factor between 2 and 3 per stage). The results obtained when
using the change in body weight or the relative body weight

Table 1. Best estimates for threshold values by stage, with the correspond-
ing number of valid individuals (see text) and molting period mean and vari-
ance, based upon the absolute (total) body weight as the measure that triggers
the molting process.

Stage

Best estimate
of insect total
weight threshold
value (mg)

Number of
valid
individuals (%)

Mean
molting
period
(days)

Variance
of molting
period
(days2)

1 1.6 28 (84.9%) 7.89 1.36
2 5.3 61 (91.0%) 9.49 1.25
3 12.9 87 (97.8%) 10.52 2.88
4 42.0 98 (100.0%) 12.47 1.43
5 97.0 123 (99.2%) 21.53 21.63
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Table 2. Best estimates for insect total blood ingested threshold values by
stage, with the corresponding number of valid individuals (see text) and
molting period mean and variance, based upon the change in body weight
(blood ingested) as the measure that triggers the molting process.

Stage

Best estimate
of insect
total blood
ingested
threshold
value (mg)

Number of
valid
individuals
(%)

Mean molting
period
(days)

Variance of
molting period
(days2)

1 1.2 31 (93.9%) 8.10 1.49
2 3.4 61 (91.0%) 9.44 1.35
3 7.0 84 (94.4%) 10.35 1.89
4 23.0 98 (100%) 12.47 1.43
5 49.0 123 (99.2%) 21.67 23.08

Table 3. Best estimates for threshold values by stage, with the correspond-
ing number of valid individuals and molting period mean and variance, based
upon the relative weight (weight relative to the initial weight before the first
meal) as the measure that triggers the molting process.

Stage

Best estimate
of relative
weight threshold
value
(dimensionless)

Number of
valid
individuals (%)

Mean
molting
period (days)

Variance of
molting
period
(days2)

1 2.3 30 (90.9%) 8.43 2.86
2 1.7 62 (92.5%) 9.45 1.53
3 1.9 86 (96.6%) 10.48 2.06
4 2.4 97 (99.0%) 12.40 1.70
5 1.2 124 (100%) 23.96 23.86

as the measure for triggering the molting process are shown in
Tables 2 and 3, respectively.

Figure 3 shows the variation of the percentage of valid
individuals per instar, as well as the variance and mean of
the molting period, when different values are selected for the
threshold. In Fig. 3, the best estimate of the threshold value for
each instar is shown as a blue vertical line (representing the
threshold associated with the largest number of valid individuals
together with minimum variance of the molting period). The
number of valid individuals decreases as the threshold value
is increased (black solid curves in Fig. 3). On the other hand,
the behaviour of the variance of the molting period varies from
stage to stage as the threshold value is increased; in some cases
showing a clear local minimum, whereas, in others, it decreases
with the threshold value (red dashed curves in Fig. 3). Similar
patterns were found for curves corresponding to Table 2 (using
blood ingested as the indicator measure) and Table 3 (using
relative weight as the indicator measure) that are analogous to
Fig. 3 (figures not shown).

Body weight and time: AUC

The best estimates for the threshold value of each stage,
using the AUC as an indicator of the trigger for the molting
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Fig. 3. Results based on the use of the absolute (total) body weight as
the trigger for the molting process. Percentage of valid individuals (solid
curve; black), variance of molting period (dashed curve; red) and mean
of molting period (dot-dashed curve; magenta) for each threshold value
for (A) stage 1, (B) stage 2, (C) stage 3, (D) stage 4 and (E) stage 5. The
horizontal axis shows the range of feasible values for the measure that
was considered for each stage. The best estimate of the threshold value
that triggers molting is shown as a solid blue vertical line. [Colour figure
can be viewed at wileyonlinelibrary.com].
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Table 4. Best estimates for threshold values by stage, with the correspond-
ing number of valid individuals and molting period mean and variance, based
upon the area under the data curve as the measure that triggers the molting
process.

Stage

Best estimate
of threshold
value
(mg days)

Number of
valid
individuals
(%)

Mean
molting
period
(days)

Variance of
the molting
period
(days2)

1 5 33 (100%) 6.90 1.85
2 16 67 (100%) 8.36 3.26
3 31.2 88 (98.9%) 9.43 5.27
4 159.7 98 (100%) 9.82 1.59
5 329.9 124 (100%) 21.10 21.25

process, are shown in Table 4. Such values increase as the
insects develop through their five stages, ranging from 5 mg days
in stage 1 to 329.9 mg days in stage 5. The number of valid
individuals used in the analysis that is consistent with such
threshold value estimates, as well as the mean and the variance
of its corresponding molting period, is shown in Table 4. In all
stages, all of the individuals in the analysis are valid (except for
stage 3, with only one individual not valid). The mean molting
period also increases per successive stage, ranging from 6.9 days
for stage 1 up to 21.1 days for stage 5. However, the results for
stage 5 should be considered with caution because the variance
for the molting period is as large as its mean, as was also found
for weight measures (Tables 1–3).

Figure 4 shows the variation of the percentage of valid indi-
viduals, as well as the variance and mean of the molting period,
for different assigned threshold values when the threshold value
is allowed to vary (for all stages); the best estimates for thresh-
old values are shown as a blue vertical line for each stage. The
number of valid individuals decreases as the threshold value is
increased (black solid curves in Fig. 4); however, the behaviour
of the molting period variance varies between stages as the
threshold value is increased; in some cases showing a clear local
minimum, whereas, in others, it decreases with the threshold
value (dashed red curves in Fig. 4).

Note that the AUC is defined in terms of the total body weight.
However, the AUC approach could be also easily implemented
with respect to the change in weight or other relative weight
measures. The analysis was only focused on total body weight
because similar values for best estimates of molting period were
obtained for the other measures (Tables 1–3).

The pre-refractory period

Given the best estimate for the AUC threshold for each stage
(Table 4), the number of individuals consistent with several
pre-refractory periods was estimated (Fig. 5). For example, in
stage 1, there are 31 individuals (93.9%) consistent with a 1-day
pre-refractory period, although there are only three individuals
(9.1%) consistent with a 5-day pre-refractory period (Fig. 5A).
The intervals containing the values for the pre-refractory period,
as associated with the top 5% largest number of valid indi-
viduals, are indicated in Fig. 5 by lines below and above the
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Fig. 4. Results based on the use of the area under the weight curve
as the trigger for the molting process. Percentage of individuals (solid
curve; black) and mean (dot-dashed curves; magenta) and variance
(dashed curves; red) of the molting period for each threshold value for
(A) stage 1, (B) stage 2, (C) stage 3, (D) stage 4 and (E) stage 5. The
horizontal axis shows the range of feasible values for the measure that
was considered for each stage. The best threshold AUC estimate in each
case is shown as a solid blue vertical line. [Colour figure can be viewed
at wileyonlinelibrary.com].
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Fig. 5. Percentage of individuals consistent with the pre-refractory
period for (A) stage 1, (B) stage 2, (C) stage 3, (D) stage 4 and (E)
stage 5. The line above the curve shows the interval of values for the
pre-refractory period associated with the top 5% largest number of valid
individuals.

Table 5. Estimated intervals for the pre-refractory, refractory and molting
periods for each stage.

Stage

Pre-refractory
period
(days)a

Refractory
period
(days)b

Molting
period
(days)c

1 0.9–1.4 5.5–6.0 6.4–7.4
2 0–0.6 7.9–8.2 7.9–8.8
3 1.2–2.0 7.8–7.9 9.0–9.9
4 1.2–2.0 8.1–8.1d 9.6–10.1
5 5.8–8.0 13.9–13.9d 20.3–21.9

aInterval for the pre-refractory period that contains the top 5% largest number
of valid individuals for each stage.
bComputed as the difference between the molting period and the
pre-refractory period.
c95% confidence interval using mean, variance and sample size from Table 4
and assuming a normal distribution.
dOne single point because the length of the interval for molting period is
shorter than the length of the interval for the pre-refractory period.

curve. Values for these intervals (in days) are given in Table 5.
Once again, stage 5 provides the least information, giving the
smallest percentage of valid individuals for any value of the
pre-refractory period (only up to 45% of individuals) (Fig. 5E)
and the widest identified interval for the pre-refractory period
(5.8–8.0 days) (Table 5). Table 5 also provides a summary of the
estimated intervals for the pre-refractory, refractory and molting
periods.

Discussion

The findings of the present study show that, when the total
insect weight is used as a threshold measure, the mean molt-
ing period is not significantly affected as the threshold value
varies (the change is minimal in Fig. 3 for all stages; see the
magenta coloured curve); this small variation implies a reason-
able certainty with respect to the estimation of the mean molting
periods for each instar. Recall that data are quite sparse, with a
minimum of 2 days between feeding intervals. Therefore, note
in Tables 1–3 (showing three different measures of threshold
value) that the mean values for molting time for stages 1–4 are
all well within the experimental data accuracy of 2 days. Data for
stage 5 have more variation and the mean molting periods for the
three measures are not within the experimental data accuracy of
2 days.

Because the results for weight, blood ingested and relative
change in body weight in Tables 1–3 are all within experimental
accuracy, we only use the absolute total body weight for the
definition of the AUC measure, although any other measure
could be used. The mean molting periods obtained from the
AUC measure (Table 4) are shorter than those obtained from
using only the total body weight measure (Table 1). We consider
that all four measures used in the present study to estimate
the threshold for molting are reliable despite the fact that
the experimental setup does not permit the verification of the
exact time that a triatomine would really begin piercing the
mouse’s dermis, nor the actual initiation of blood ingestion
(J. E. Rabinovich, P. Medone & N. di Clemente, unpublished
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data); our confidence is based on the fact that the dominant
time invested (>90%) of a triatomine’s complete meal is in the
pumping process of blood to the anterior middle section of the
intestine (Araújo et al., 2012) and not in finding and accessing
an adequate blood vessel.

Several individuals are removed from the study because they
do not reject any offered meal. According to our methodology,
we need the weight of the insect at the time when it rejects a
meal (which is the latest time for the threshold to occur) for
our calculations. To test the effect of removing such individuals
(most of them correspond to long, 8- and 10-day, inter-feeding
intervals), we approximate the weight of the insect in the interval
from their last meal until molting. Our approximation is based
on a linear weight decay with a slope the same as that for
the insect’s interval after its first meal. For those individuals
with at least two meals taken, such an approximation is close
to their observed weight. Having obtained the weight of the
insect in its last interval before molting, we estimate threshold
values and find them to be exactly the same (except for stage
1) as those computed before (when individuals were removed).
Mean and variance of molting period are also very close to
previous estimates. All of these results suggest that there is only
a minimum effect on our results from the individuals removed
from the original analysis.

With our experimental data, it is not possible to determine
a critical weight as defined in Callier & Nijhout (2013). Not
only weight, but also time is involved in triggering the molting
process. This provides support for the use of AUC in the
determination of the threshold for molting. However, our current
AUC definition will not apply to very long intervals between
meals because nymphs would eventually die if starved to an
extremely low weight, which suggests that there must be a
minimum weight and/or a maximum time before achieving the
molting threshold for which nymphs can still survive and molt.

Although the refractory period (period from the moment
a meal is first rejected until molting) could be estimated
directly from the data, the pre-refractory period requires a clear
definition of the measure used for determining the molting
threshold because the definition of the pre-refractory period
depends on the threshold itself. The use of the AUC allows a
more accurate estimate of the pre-refractory period (Table 5).
Although the precision of such estimate would be set by the
shortest experimental time (2 days) when using total body
weight as the threshold measure, the results based on the AUC
suggest a pre-refractory period that is shorter than 2 days for
some stages (Table 5). To the best of our knowledge there are
no previous estimates of pre-refractory periods for R. prolixus,
nor for any other triatomine species. Our estimates show a
pre-refractory period in the range of 2 days for stages 1, 3 and 4,
although it is much shorter (0–14 h) for stage 2, and much longer
(5.8–8 days) for stage 5, which conforms well to the findings
of Wigglesworth (1934). We do not have an explanation for the
extremely short pre-refractory period of stage 2, which does not
appear to be biologically sound.

Our confirmation of a weight-dependent mechanism as a
threshold weight for molting could be related to the disinhibi-
tion of the secretion of the prothoracicotropic hormone (PTTH)
and of the triggering of ecdysone by the Juvenile hormone (JH)

(Knobloch & Steel, 1989). However, in this process, not only
the necessary total body weight must be reached, but also this
should happen at the right time. For example, despite the release
of PTTH from the brain complex and the synthesis (and release)
of ecdysteroids by the prothoracic glands both being confirmed
in R. prolixus, a circadian rhythm also appears to be involved:
Vafopoulou & Steel (2001) report that the prothoracic glands
possess a circadian oscillator that is light sensitive in vitro, in
addition to continuous light causing cessation of the release
of PTTH.

The only study similar to our analysis in R. prolixus is that
by Leis et al. (2016) who analyze the respiratory pattern and
the energetic cost of taking a blood meal in R. prolixus and
report an increase of up to 17-fold in the metabolic rate during
feeding and a change in the respiratory pattern, which switches
from discontinuous cyclic during resting to continuous when the
insects start to feed, remaining in this unchanged condition for
several hours. No differences are reported by Leis et al. (2016)
between R. prolixus feeding on blood or on saline solution
in vitro, revealing that the reason for such differences in the
energetic cost is the substrate for feeding (vessels vs. membrane)
and not the nature of the fluid. Leis et al. (2016) also report that
R. prolixus water loss significantly increases during feeding, and
that the mean respiratory quotient (RQ) of 0.83 in resting bugs
decreases to 0.52 during feeding.

Although M. sexta larvae may not exclusively use the critical
weight mechanism and may also use a size-independent mech-
anism that is also independent of the brain (Callier & Nijhout,
2011), an independence of the threshold weight mechanism is
not observed in R. prolixus. Additionally, under starved con-
ditions, triatomines do not attain molting, as is observed when
Drosophila melanogaster larvae are starved (Beadle et al., 1938;
Stieper et al., 2008); it is even suggested that starvation actually
triggers the molt in D. melanogaster starved larvae, an option
that possibly has to be discarded in the case of triatomines.

The calculation of the AUC is used in several contexts in the
biological sciences, including endocrinological and pharmaco-
logical studies (Pruessner et al., 2003; Drusano et al., 2004).
In most cases, the AUC is used to represent the accumulation
of some quantity over a specific time period. For example, in
pharmacokinetics, the average drug concentration (drug expo-
sure) in an individual over a time interval is estimated as the
AUC of drug concentration, with the corresponding units of
(mass/volume)× time. In the present study, such a quantity is
taken as the total body weight of R. prolixus at each instar, which
we consider to be a novel methodology that may provide new
insights with respect to the problem of determining the critical
size/weight for molting in hemimetabolous insects, particularly
because a time component in the molting process in R. prolixus
is identified. Although the AUC indicator agreement with the
data and a flexibility to estimate parameters appear to be appro-
priate, additional experiments (particularly with smaller feeding
intervals than those of the present study) would provide further
evidence of the applicability of this method based on the AUC
concept on the molting process of R. prolixus.

From an epidemiological standpoint, the results of the present
study may also contribute to the understanding of the spread of
Chagas disease. Vectorial capacity of triatomines is higher when
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insects defecate during or shortly after feeding and so infective
faeces come in contact with the host, which is the source of
transmission of parasites to the host (Trumper & Gorla, 1991).
The results of the present study indicate that the pre-refractory
period increases as the nymphal stages develop, particularly
from stage 4 to stage 5 where there is an abrupt increase,
suggesting that the larger stages should be more involved
in Chagas disease transmission. Accordingly, the higher the
pre-refractory period, the higher the risk of parasite transmis-
sion because insects feed more frequently (i.e. there is a larger
contact rate between host and vector), thus increasing the prob-
ability of T. cruzi transmission. In other triatomine species,
insects that feed repeatedly also defecate on hosts more often.
Reisenman et al. (2011) report, in Triatoma rubida, that more
than half of the immature insects exhibiting multiple feeding
bouts (62%) are observed to defecate during interruptions of
feeding, which would most likely occur on or near the host.
Similar findings are obtained for Rhodnius nasutus (Oliveira
et al., 2009), Rhodnius ecuadoriensis (Villacis et al., 2008), Tri-
atoma patagonica and Triatoma infestans (Rodríguez et al.,
2008), Triatoma vitticeps (Biral dos Santos et al., 2006), Mec-
cus pallidipennis (Martínez-Ibarra & Novelo-López, 2004), Tri-
atoma rubrovaria (Almeida et al., 2003), Triatoma rubrofas-
ciata (Braga & Lima, 1999) and Triatoma barberi (Zárate
et al., 1984). Therefore, the longer pre-refractory period that is
observed as nymphal stages of R. prolixus develop suggests the
need to focus vector control strategies on the latter stages, espe-
cially the last one.

From an evolutionary perspective, the results of the present
study are in agreement with previous knowledge based upon the
fasting capacity of triatomines. This insect group has evolved
towards blood-feeding by developing several species-specific
adaptations, including morphological, physiological and
behavioural ones (mouthparts, saliva composition, enzymes
and digestive symbionts, amongst others) (Otálora-Luna et al.,
2015). Therefore, a high fasting capacity and a high molt-
ing success might have been selected in triatomines under
restricted conditions, such as interrupted feeding. In addition,
the high molting rate (independent of the total amount of
blood ingested) of R. prolixus that is observed in the present
study is in agreement with individuals being well adapted to
feed under unpredictable environmental conditions (unstable
and uncertain host availability); thus, maximizing molting
success could be considered as an evolutionary adaptive
strategy of triatomines with respect to coping with such an
environmental risk.
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