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Demographic fitness of Belminus ferroae (Hemiptera: Triatominae)
on three different hosts under laboratory conditions
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Triatominae are widely recognised for their role as vectors of Trypanosoma cruzi. One of the main biological
characteristics of this subfamily is their obligate haematophagous condition. However, previous studies on Belmi-
nus herreri and Belminus ferroae suggested that cockroaches are their principal hosts in domiciles. Due to this
peculiar behaviour, the aim of this study was to analyse several demographic and reproductive parameters of B.
ferroae fed on three different hosts (mice, cockroaches and Rhodnius prolixus) and relate B. ferroae fitness to these
alternative hosts. The cohorts were reared under constant conditions. The egg hatching rate was similar for cohorts
fed on cockroaches (69.4%) and R. prolixus (63.8%), but was much lower for the cohort fed on mice (16%). The de-
velopment time from the nymph to adult stage and the average age of first reproduction (a) presented lower values in
the cohort fed on cockroaches, which is consistent with the higher population growth rate associated with this host.
Demographic parameters [intrinsic rate of natural increase, finite rate of population growth, net reproductive rate
and damping ratio] showed statistically significant differences between the cohorts. Analysis of the life history of
B. ferroae revealed a higher fitness related to the cockroach. The implications of these results for the origin of the
subfamily are discussed.
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The Triatominae are a subfamily of the Reduviidae
(Hemiptera: Heteroptera) with 143 formally recognised
species (Ayala 2009, Jurberg et al. 2009, Schofield &
Galvao 2009, Rosa et al. 2012). One of the main biologi-
cal characteristics of the Triatominae is their obligate hae-
matophagous condition: they depend on vertebrate blood
to complete their life cycle (Lent & Wygodzinsky 1979).

The genus Belminus belongs to this subfamily and
is composed of eight species (Belminus rugulosus Stal,
1859, Belminus costaricensis Herrer, Lent & Wygodz-
insky, 1954, Belminus peruvianus Herrer, Lent & Wy-
godzinsky, 1954, Belminus herreri Lent & Wygodz-
insky, 1979, Belminus pittieri Osuna & Ayala, 1993,
Belminus laportei Lent, Jurberg & Carcavallo, 1995,
Belminus corredori Galvdo & Angulo, 2006 and Belmi-
nus ferroae Sandoval, Pabon, Jurberg & Galvao). The
geographic range of these species includes the territories
of Mexico, Costa Rica, Panama, Colombia, Venezuela,
Peru and Brazil (Sandoval et al. 2007).

This genus is considered wild and is mainly found in
association with bromeliads, tree bark and hollow trees
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as well as opossums and reptiles, whereas its members
are only rarely found in human domiciliary or peridomi-
ciliary habitats (Lent & Wygodzinsky 1979, Gaunt &
Miles 2000). However, cases of domiciliation in Peru
and Colombia have been reported (Herrer 1955, San-
doval et al. 2010).

Laboratory and field observations of B. peruvianus
and B. herreri have indicated a diet based on a wide
range of hosts, including arthropods, reptiles, birds and
mammals. Furthermore, the feeding behaviour of these
species is variable, ranging from cannibalism to clep-
tohaematophagy, haemolymphagy and haematophagy
(Herrer et al. 1954, Gaunt & Miles 2000, Sandoval et al.
2000, 2004).

Although the Belminus genus has been recognised
since 1859, vital statistics and demographic parameters
have not been estimated for this group. A previous study
(Sandoval et al. 2000) provided estimates for the devel-
opment time and mortality of eggs and nymphs of B.
herreri, but not for demographic parameters. This lack
of information can be attributed to the sporadic capture
of this species, as well as the low number of specimens
collected in the field and the difficulty of rearing colo-
nies fed on vertebrate hosts (Herrer et al. 1954, Schofield
& Galvao 2009).

Preliminary observations have indicated the possibil-
ity of rearing B. peruvianus by feeding it on nymphs of
other Triatominae (Herrer et al. 1954). Although Rhod-
nius prolixus is not considered a natural host of Belminus
species, using this species as a food source allows labo-
ratory colonies of B. herreri to be reared, though in low
numbers (Sandoval et al. 2000). A study of the intestinal
contents of domiciliary-captured individuals of B. fer-
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roae (Sandoval et al. 2010) indicated mice, human blood
and haemolymph as natural food sources of this species
and suggested that cockroaches are its principal host.

The peculiar feeding behaviour of this genus may
provide new insights into the evolutionary ecology of
triatomines. Thus, the aim of the present study was to
analyse several demographic features (i.e. life cycle,
reproduction and mortality) and population parameters
[i.e. population growth rates, age-specific reproductive
value (V) and the stable stage distribution (SSD)] in B.
ferroae fed on three different types of hosts (mice, cock-
roaches and another species of triatomine). Estimating
the population fitness parameters for B. ferroae fed on
different hosts may help to identify the possible natural
hosts of this species to better understand its evolution
within the Triatominae.

MATERIALS AND METHODS

Cohort origin - The population of B. ferroae used in
this study was collected in Santa Catalina, Toledo, North
of Santander, Colombia (07°07°N 72°24°W).

Experimental procedures - The experiment was car-
ried out in a climatically controlled room with a constant
temperature (25 + 2°C), humidity (70 + 10% RH) and
photoperiod (12:12 h light/dark). Field-collected females
were divided into three groups of 10 insects each, and
each group was offered to a different host: the mice
Mus musculus, nymphs of the triatomine R. prolixus
or nymphs of Blaberus sp. cockroaches. The eggs of
these females were collected daily until hatching and the
emerged nymphs I were placed with the same host as
their respective field group. In the mice-fed group, the
nymphs were fed on sedated (Ketalar® 75 mg/Kg) host
for 3 h once a week. In the triatomine-fed group, first and
second instar nymphs of B. ferroae were individually of-
fered two R. prolixus fifth instar nymphs that were pre-
viously engorged on chicken blood, whereas B. ferroae
third, fourth and fifth instar nymphs were individually
fed on seven R. prolixus fifth instar nymphs; in the latter
case, the R. prolixus specimens were replaced weekly.
In the cockroach-fed group, the B. ferroae nymphs of
all stages were placed individually with one fourth or
fifth instar nymphs of Blaberus sp. The cockroaches
were replaced monthly and maintained with a mixture
of rabbit food, corn and water in cotton. The B. ferroae
nymphs fed on mice and R. prolixus were individually
maintained in 4 x 3 cm containers with vertically posi-
tioned strips of paper, covered with a nylon mesh held in
place with an elastic band. The B. ferroae nymphs fed on
cockroaches were individually maintained in 10 x 7 cm
containers with vertically positioned strips of paper and
the lid covering the container was perforated to prevent
condensation and mold growth.

The three cohorts were followed up simultaneously
from eggs hatched within a period of three months and
initiated with 86, 88 and 90 first instar nymphs on cock-
roach, mice and R. prolixus, respectively. Each individu-
al was placed in a container by itself and each container
was marked with a code, allowing an individual follow
up of the cohorts and recording of the events experienced

by each insect. The three cohorts were checked daily for
mortality and ecdysis during the nymphal stage cycle.
For each cohort, as the adults emerged, 25 couples were
set up, each in an individual container and maintained
under the same rearing conditions used for the nympbhs.
Mortality and oviposition were recorded weekly until
the death of the last adult. A total of 600 eggs from these
adult couples (200 per cohort) were checked daily to
estimate the duration of embryonic development (sepa-
rately for each cohort). As the cohorts were initiated with
first instar nymphs, the hatching success was estimated
from the total ovoposited eggs per all females in each
cohort also used for backwards projection of the initial
number of eggs for life table analysis. The procedures
for the use of animals were conformed to the Colombian
law (National Statute for the Protection of Animal, Law
84, 1989 and Resolution 8430, 1993, from the Colombian
Ministry of Health).

Statistical analyses - Daily mortality data were used
to calculate survival as a function of age (/) and the
number of eggs collected weekly was used to calculate
female age-specific fecundity (m ). Additionally, we es-
timated the oviposition intermittence, which was calcu-
lated for each female as the average time between two
successive oviposition bouts. Furthermore, the / and
m_ schedules allowed demographic parameters such as
the intrinsic rate of natural increase (r,) (using the Euler
equation) the finite rate of natural increase (), the net
reproductive rate (R ), the mean generation time (T ), the
V_ (Fisher 1930) and the SSD to be calculated. Defini-
tions of these parameters, together with the formulae
used for their calculation, are given in the Appendix of
Rabinovich and Nieves (2011). For each demographic pa-
rameter, we also estimated the confidence interval (CI)
at the 95% significance level based on 1,000 bootstrap
samples created by random resampling with replace-
ment from the initial individuals of each cohort. All of
the above calculations were carried out using a unique
computer program developed in the Delphi Language
that was previously tested on triatomines (Medone et al.
2012). Due to the irregularity of the m , we fitted these
results to a generalised additive model (GAM) function
using R software (R Development Core Team 2007) to
provide a general pattern of the distribution of the re-
productive effort with age.

For construction of the Leslie matrix and to perform
the elasticity analysis and damping ratio (p) calculations,
we used PopTools, which is a Microsoft Excel tool de-
veloped by Hood (2010). Differences in the development
time for all instars between cohorts were assessed for
significance using the Mann Whitney U test at the 95%
CI, while differences in the sex ratio and stage mortality
between cohorts were analysed using a comparison of
proportions based on the chi-square test for two inde-
pendent samples; the last two statistical methods were
carried out with MedCalc software version 11.6.1.0.

We estimated the instantaneous birth rate (b) and
death rate (d) and calculated the probability of coloni-
sation success (Rabinovich 1974) estimated as the ratio
between the 7, and the b.
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RESULTS

Vital statistics - Table I provides a statistical sum-
mary of the life-cycle of each cohort. The differences
in embryonic development times between cohorts were
statistically significant. The development times of all
nymphs were significant, except for second instars
nymphs between cohorts fed on cockroaches and R.
prolixus. The total development time from egg to adult
was similar for the cohorts fed on mice and R. prolixus
and longer than for the cohort fed on cockroaches. The
cohort fed on cockroaches showed the maximum adult
longevity among the cohorts, with male longevity be-
ing greater than that of females (p < 0.0001). However,
no statistically significant differences in longevity were
found between both sexes when cohorts fed on mice and
R. prolixus were compared (p > 0.7000). The maximum
lifespan was observed in one male fed on cockroaches
who reached an age of 1,155 days (approximately 3.2
years). No difference was found in the sex ratio [}/
(3+9)] between the cohorts fed on each type of host.

The egg hatching rates were similar for cohorts fed
on cockroaches (69.4%) and R. prolixus (63.8%), which
were both much higher than the hatching rate of the co-
hort fed on mice (16%). Nymphal mortality showed the
classical pattern reported among Triatominae (Medone
et al. 2012) with high mortality being observed in the
younger stages (Table I). Total nymphal mortality, from
the first instar to the adult stage, was more similar be-

tween the cohorts fed on mice and R. prolixus (=40%)
compared to that fed on cockroaches (30%). Fig. 1 shows
the female age-specific survival of the three cohorts.

Table II provides a statistical summary of reproduc-
tive traits for B. ferroae fed on each type of food source.
The fecundity rate, estimated as the average number of
eggs laid per female per reproductive week (eggs/%/re-
productive week), was different between the cohorts fed
on cockroaches (3.2) and mice (3.6) (p = 0.0056), both
of which showed higher rates than the cohort fed on R.
prolixus (0.8) (p < 0.0001). The average time from egg
stage to first reproduction in a cohort (o) was 28.8, 37.9
and 53.9 weeks for the cohorts fed on cockroaches, mice
and R. prolixus, respectively. The reproductive period
(RP) of each cohort, measured from the earliest oviposi-
tion age to the latest oviposition age, was 109 weeks for
the cohort fed on cockroaches, 95 weeks for that fed on
mice and 87 weeks for the cohort fed on R. prolixus (re-
sults not shown in Table II). When comparing the aver-
age female RP (defined as the average of the difference
between the last and the 1st age of reproduction for each
individual female among all females) the differences be-
tween cohorts were even greater: the cohort fed on cock-
roaches displayed an RP of 77.8 weeks (which was 1.8
and 1.9 times longer than the RPs of the cohorts fed on
mice and R. prolixus, respectively) (Table II).

The m_of B. ferroae showed an extremely irregular
pattern associated with the three feeding sources. The

TABLE I

Vital statistics of Belminus ferroae fed on different food sources

Food source

Mice
(Mus musculus blood)

Cockroaches
(Blaberus sp. haemolymph)

Rhodnius prolixus
(haemolymph or blood)

Lower-upper Lower-upper Lower-upper

Stage n DT 95%CI M n DT 95%CI M n DT 95%CI M
Egg 86 24.3* 239246 306 88 257" 254259  83.9¢ 90  24.9° 244252 362
Nymphl 67 226 214237 22V 64 381"  355-40.6 273 84 253 244262 6.7
NymphIl 62 222  20923.6 75 56  359° 330389 125 71 235 225246 155
NymphIIl 58 259 242276 64 54  366°  329-402 3.6/ 65 279° 266-293 84
NymphIV 52 302¢ 278325 103 53 397"  361-433 1.8 64 472¢ 437506 L5
NymphV 50 39  369-41.1 38 51 442"  423-462 38 63 759  717-80.1 1.6
Nymphl-V 50 1397° 1352-1442 419 51 1953 187.0-203.5 42/ 63 199.4¢ 193.5-2052 30/
Male 25 7894 7467-8313 - 25 378.8" 3125-4451 - 31 399  3171-4809 -
Female 25 6167 566.4-667.1 - 26 37LI*  3033-4389 - 32 41217 3247-499.6 -
Adults 50 702.9° 66137444 - 51 3749 32684230 - 63 4057 345.0-4664 -
Sexratio  0.49" 0.59" 0.51"

development time and longevity values followed by different letters (a-c) were significantly different between cohorts. Longevity
values followed by different letters (d, e) were significantly different (Mann Whitney’s U test, p < 0.05) between sexes within co-
horts. Stage-specific mortality and sex ratio [2/(3+%)] values followed by different letters ( f-h) were significantly different (com-
parison of proportions based on the chi-square test). The number of eggs for the life table analysis was estimated (see Materials and
Methods) as 124, 547 and 141 for cockroaches, mice and R. prolixus, respectively. CI: confidence interval; DT: average develop-
ment time and longevity (days); M: stage-specific mortality percentage; n: number of individuals that completed each stage.
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reproductive effort per female in relation to age, aver-
aged among females is shown in Fig. 1, after fitting the
data to a GAM to smooth the laboratory results and
capture the main trends. The results of the analysis of
the continuity of the fecundity effort are shown in Fig.
2. The histogram of the intermittence between fecun-
dity bouts is shown in Fig. 2A; the average intermit-
tence was 1.7, 1.4 and 4.6 weeks for the cohorts fed on
cockroaches, mice and R. prolixus, respectively. Fig.
2B shows the interplay of the intermittence between
egg-laying bouts (in weeks), total reproductive effort
(eggs/Q/life) and the length of the RP (also in weekly
units). The contour lines and arecas show that egg-lay-
ing bouts become more dispersed in time (higher in-
termittence) as the reproductive effort decreases and
the length of the RP increases. This relationship shows
a dominant trend that, for a given reproductive effort
in terms of fecundity, an extension of the RP is related
with an increase of the intermittence between egg-lay-
ing bouts. To show this relationship with the different
food sources used in our experiments, we overlaid the
dots representing the “strategy” of each of the 25 in-
dividual females with different colours for individuals
feeding on each host.

Population growth parameters - Significant differ-
ences were observed between the cohorts feeding on dif-
ferent food sources for the following three population
growth rates (Table III): the r, 1 and the R . No statisti-
cally significant differences were observed among co-
horts in terms of their T,

The adult stage showed the highest V_followed by
fifth instar in the three B. ferroae cohorts (Fig. 3A). The
cohort fed on mice presented the highest V' curve and
the one fed on R. prolixus the lowest. However, when the
reproductive values were expressed in a relative scale
(normalised to 100%, so that the area under the curve is
the same for all cohorts) (Fig. 3B), B. ferroae feeding on

Cockroaches

Mica

857

R. prolixus showed a different reproductive curve than
the other two cohorts, with an outstanding peak about 11
weeks after entering the adult stage.

The eggs were the dominant stage in the SSD in the
cohorts fed on cockroaches and mice (in the classic stage
pyramid form), while the adults were the dominant stage
in the cohort fed on R. prolixus (Fig. 4).

The p were 1.0182, 1.0130 and 1.0125 for B. ferroae
fed on cockroaches, mice and R. prolixus, respectively,
indicating that, if perturbed from the SSD, populations
fed on cockroaches would recover an SSD more rapidly
than populations fed on mice or R. prolixus.

The probability of colonisation success, estimated as
the ratio between the r, and the b, was greater for the
cohorts fed on cockroaches (0.6312) and R. prolixus
(0.5067) than for the cohort fed on mice (0.2550) (Table
III). The cohort fed on R. prolixus showed the lowest d
(0.0351) followed by the cohort fed on cockroaches (d =
0.0593) and that fed on mice (d = 0.1388) (Table III).

Elasticity analysis - Fig. 5A, B show the elasticity of
the 4 to age-specific survival and fecundity for the three
B. ferroae cohorts. For all cohorts the survival elastic-
ity was constant during the nymphal stages and progres-
sively decrease in the adult stage. The elasticity of 1 to
fecundity in the cohort fed on cockroaches showed the
earliest and the maximum value among all cohorts, in
agreement with its lower age at first reproduction () and
its higher fecundity. The stage-specific elasticity (esti-
mated from the stage-specific transition matrix) showed
a maximum value for adult survival and a minimum for
fecundity in the cohort fed on R. prolixus; these results
are in agreement with the high a and low fertility ob-
served in B. ferroae fed on R. prolixus. The contribution
of the survival of the fifth instar nymph and adult stages
to 4 was greater than that of the younger pre-adult stages
(between 1-7 times greater in the cohorts fed on cock-
roaches and mice and 2-14 times greater in the cohort
fed on R. prolixus).

Survival (1x)
Female eggsflemale/week
Survival (k)

Female eggs/lemale/week
Survival (i)
Female eggs/lemale/week

Female age (week)

60 -

Female age (week)

120 4

° '8 g B EI‘: 8

120 {2

T
-

Female age (week)

Fig. 1: female age-specific survival (/ ) (black line) and female age-specific fecundity (m ) (dots) for Belminus ferroae fed on cockroaches, mice
and Rhodnius prolixus. The bootstrapped (n = 1000) m _ values and their lower 95% confidence limits were fitted with a generalised additive
model, blue line and red lines, respectively. The age axis (weeks) represents the age of the adult female stage, so the /_values also represent the

[, of the adult females (starting with /= 1).
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TABLE 11
Reproductive parameters for Belminus ferroae fed on different food sources

Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 108(7), November 2013

Mice Rhodnius prolixus

Cockroaches

Lower-upper

Lower-upper

Lower-upper

95% CI

m

95% C1 n

m

95% CI n

m

Reproductive features

0.7-0.9
10.2-27.2

0.8¢

763¢

3.6¢ 3.4-37
86.5¢

1,118¢
26¢
25/
25/

3.1-34
222.5-283.2

3.2°
252.8"

1,944«

Total eggs/female/week during RP

Total eggs/female/lifetime

18.7

32¢
19/
19/
19
19
19
15¢
19

55.3-117.8
5.1-8.2

40.3-61.2

25¢
25
25
25"
25
25
25¢
25

15.7-27.0
46.1-73.2

50.4-57.3

19.5¢
59.6¢

6.0

50.7¢

5.1-8.2
76.4-91.3

6.17

Average number of weeks from female emergence to first oviposition

83.8"

Average number of weeks from female emergence to last oviposition
Average number of weeks from the egg stage to first oviposition

53.9¢

35.6-40.2
71.4-91.9
34.3-55.2

37.9¢

25
25
25
23¢

27.4-30.1

28.8"

81.4-105.9
28.5-51.8

93.7

81.6¢

98.67-112.5

105.6°

Average number of weeks from the egg stage to last oviposition

40.2¢

44.7°

70.1-85.1

77.8°

Average RP (weeks)

2.8-6.4
8.9-33.3

4.7¢

21.1¢

1.2-1.6
2.3-54

1.4°
3.8

1.5-1.8
3.9-6.8

1.7
5.4°

Average oviposition intermittence (weeks)

Average post-RP (weeks)

25

a: total number of reproductive weeks. Values followed by different letters (b-d) were significantly (Student ¢ test, p < 0.05); CI: confidence interval; e: total number of females; f: total

number of reproductive females; g: total number of females with reproductive intermittence; m: mean parameter estimate; n: number of observations; RP: reproductive period.

DISCUSSION

Our results are in agreement with the poor perform-
ance reported for laboratory colonies of B. herreri fed on
R. prolixus (Sandoval et al. 2000). While the first three
instar nymphs of B. ferroae develop without major diffi-
culties when fed on R. prolixus, this is not the case for the
fourth and fifth instar nymphs which showed the long-
est development times of the three cohorts (Table I). R.
prolixus fifth instar nymph are possibly a prey too small
for these advanced stages of B. ferroae and it may be
difficult to extract a complete meal from instars of this
size. We cannot exclude the possibility that fifth instar
nymph of R. prolixus may exhibit defensive behaviour
because their survival can be seriously compromised (no
behavioural observations were carried out). Similar dif-
ficulties of B. ferroae adults when feeding on R. prolixus
may be the cause of the delay in the females’ age of first
reproduction and the decline of other reproductive traits,
such as the R , the r, and the 4, as compared to the co-
horts fed on the other two hosts (Table IIT).

The average age of first reproduction () is an impor-
tant parameter in population dynamics because it has a
strong influence on the demographic rate of growth (the
shorter the a value, the higher the rate of growth). The
cohorts fed on mice and R. prolixus showed similar and
much greater a values than the cohort fed on cockroach-
es, which is consistent with the much higher population
growth rate in the latter cohort, indicating higher fitness
and suggesting higher adaptation to cockroach-type ar-
thropods as a food source.

The lack of a statistically significant difference in the
sex ratio between cohorts suggests that females display the
same relative mortality risk as males during development
when fed on any of the three hosts used in this study.

The significant delay in the development time of the
younger instar nymphs (Ist, 2nd and 3rd) when fed on
mice (Table I) might reflect the greater difficulty of prac-
ticing haematophagy observed in B. ferroae first instar
nymphs, as indicated by the greater number of food in-
takes compared with other stages (data not shown), which
is unusual among Triatominae (Emmanuelle-Machado et
al. 2002, Martinez-Ibarra et al. 2003, 2007, Rocha et al.
2004, Arévalo et al. 2007). In Triatoma circummaculata,
which is a species found in association with cockroaches
of the Hiereoblatta and Blaptica genera, high mortality
of first instar nymphs was observed when they were fed
on vertebrate hosts (a bird and a reptile) compared with
those fed on cockroaches (Ruas-Neto et al. 2001). In 7ri-
atoma rubrovaria, complete development from egg to
adult is seriously compromised when this species is fed
exclusively on invertebrate hosts (cockroaches), result-
ing in over 90% mortality (Lorosa et al. 2000). This level
of mortality is similar to that obtained in B. ferroae fed
on the vertebrate host in the present study (91%). In con-
trast, the two cohorts of B. ferroae fed on arthropods de-
veloped from the egg to adult stage with mortality rates
of between 56-60%, which is similar to or even lower
than the rates reported for other species of Triatominae
fed on their natural vertebrate hosts (Bar et al. 2003,
Martinez-Ibarra et al. 2003, 2007, Villacis et al. 2008).
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It is known that in triatomines the reproductive
performance of females (total number of eggs laid per
female and duration of the RP) is affected by and vary
with the food source (Guarneri et al. 2000, Nattero et al.
2011). We evaluated this effect using for the first time
an estimation of the intermittence between reproduc-
tive bouts: B. ferroae fed on mice showed no differences
in the intermittence between two successive reproduc-
tive bouts compared to those fed on cockroaches (Ta-
ble I1) and the m_was similar to that reported for other
triatomine species reared under laboratory conditions
(Rabinovich 1972, Feliciangeli & Rabinovich 1985,
Rabinovich & Nieves 2011). This result may indicate
that blood provides sufficient nutritional resources to al-
low an oviposition rhythm similar to that observed in B.
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Intermittence between reproductive bouts (weeks)
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ferroae fed on cockroaches. However, in the cohort fed
on mice, the length of the RP and the egg hatching rate
were significantly reduced compared with the cohort fed
on cockroaches. This finding would seem to reflect a
higher reproductive cost in B. ferroae when fed on blood
as compared with haemolymph.

The relationship between the length of the RP, total
lifetime number of eggs per female and intermittence
between egg-laying bouts observed in B. ferroae when
fed on R. prolixus was conspicuously different compared
with those fed on cockroaches and mice: all females laid
eggs in a highly intermittent fashion and the linear re-
gression of the reproductive effort with the RP showed
a much smaller slope. These results for the cohort fed
on R. prolixus, together with the longest time between

450

400
350

Intermitience

300 ks):

250

n
o
(=]

150]

Eggs per female per life (n)

0 20 40 60 80 100 120
Length of the reproductive period (weeks)

Fig. 2: intermittence between egg-laying bouts (weeks) for the cohorts fed on cockroaches, mice and Rhodnius prolixus. A: frequency distribu-
tion of intermittence; B: intermittence values given as contour lines and coloured areas (in week units) associated with total reproductive effort
(eggs/9/life) and the length of the reproductive period. The dots represent the value of each reproductive individual female belonging to a given
cohort as identified by the solid circle colours.

TABLE III

Population growth parameters for Belminus ferroae fed on different food sources

Cockroaches Mice Rhodnius prolixus

Lower-upper Lower-upper Lower-upper

Demographic parameters n m 95% CI N m 95% CI N m 95% CI
Generation time 50 66.6¢ 63.7-69.0 51 659 61.2-69.9 63  68.7 65.7-72.8
Net reproductive rate 50 107.5¢ 82.4-132.5 51 14.9° 10.6-20.1 63 10.3* 6.5-15.1
Intrinsic rate of natural increase 50 0.1015¢ 0.0927-0.184 51 0.0476* 0.0404-0.054 63 0.0361¢ 0.028-0.0423
Finite rate of population growth 50 1.107¢ 1.097-1.115 51 1.049*  1.041-1.055 63  1.028¢ 1.028-1.043
Instantaneous birth rate 50 0.1608 - 51 0.1863 - 63 0.0712 -
Instantaneous death rate 50 -0.0593 - 51 -0.1388 - 63 -0.0351 -
Index of colonisation success 50 0.6312 - 51 0.2550 - 63 0.5067 -
Mean mortality rate (1/¢) 50 0.0027 - 51 0.0116 - 63  0.0031 -

values followed by different letters (a-c) were significantly different (Student # test, p < 0.05); e: expectation of life at birth
(weeks); CI: confidence interval; m: mean parameter estimate; n: number of adults in the cohort.
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two successive reproductive bouts (approximately 4.5
weeks), the very long pre and post-RP and the lowest
fecundity rate appear to reinforce our hypothesis that in-
dividuals of B. ferroae fed on R. prolixus might not have
been able to ingest a sufficiently large meal to respond
in the same manner as the B. ferroae females fed on
cockroaches and mice. The latter two cohorts responded
in a similar fashion and although they displayed similar
intermittence values, the B. ferroae females fed on cock-
roaches appeared to exhibit a more variable reproductive
effort/RP ratio, also showing more variability in their
intermittence values than those fed on mice, suggesting
the existence of higher plasticity when depending on this
host. Determining whether this type of loose trade-off is
evolutionary advantageous will require further experi-
ments, possibly based on energetic analysis.

The significant disparity observed in egg mortality,
embryonic and nymphal development times, longevity and
the average RP of females between cohorts suggest a clear
demographic disadvantage when feeding on a vertebrate
host compared to feeding on cockroaches, which is evident
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by its lower population fitness (r)). These results indicate
that blood, despite its high protein content, does not appear
to be the most adequate food source for B. ferroae.

Previous studies have shown that blood represents a
diet that is deficient in essential factors, such as vitamin
B (Lehane 2005). To overcome this problem, the blood-
sucking insects evolved by recruiting symbionts to sup-
ply vitamin B (Schaub & Eichler 1998), while insects
that use other food sources either in lieu of or combined
with a blood source obtain a balanced diet and normally
do not carry symbionts in their digestive tracts. Howev-
er, aposymbiosis (symbiotic organisms living apart from
one another) induces a number of deleterious effects in
insects, including retardation of nymphal development,
increased nymphal mortality rates, disturbances of blood
digestion and excretion and reduction of the tracheal sys-
tem (Eichler & Schaub 2002). In adults, aposymbiosis
normally does not affect the general health of the indi-
vidual, though it can affect the reproductive performance
of adult females (e.g., sterility has been demonstrated in
tsetse flies) (Lehane 2005).

Z.5
— % Vx Cockroaches

— % Vix Mice

% Vx R. prolixus

15

Reproductive values scaled (Vx %)

05

0 20 40 60 80 100 120 140 160
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Fig. 3: age-specific reproductive values for Belminus ferroae fed on cockroaches, mice and Rhodnius prolixus. A: in arithmetic units; B: each
cohort scaled as relative values with respect to their own maximum. The onset of the reproductive period (red triangle) was achieved at 24, 30
and 46 weeks in the cohort fed on cockroaches, mice and R. prolixus, respectively; V : reproductive value.
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Fig. 4: stable stage distribution for the cohorts of Belminus ferroae fed on cockroaches, mice and Rhodnius prolixus. The x-axis represents the

proportion of each stage as a percentage.
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Other factors associated with a blood diet are relat-
ed with the digestion of haemoglobin which results in
the production of large amounts of haeme, a potentially
cytotoxic molecule that can exert biological damage
(Maya-Monteiro et al. 2004, Graga-Souza et al. 2006,
Donohue et al. 2009). A massive release of haeme rep-
resents a selective pressure that should be counteracted
by the generation of an array of protective adaptations,
such as the various defence mechanisms against free
haeme toxicity that have been identified in R. prolixus
(Graga-Souza et al. 2006) and the eggs of the cattle tick,
Boophilus microplus (Logullo et al. 2002).

Thus, sterility due to an unbalanced diet or oxidative
stress may be involved in the low fertility of the B. ferroae
eggs in the cohort fed on mice. Hatching rates as low as
those observed in B. ferroae fed on mice (16%) here have
never been reported in Triatominae when fed on their
natural vertebrate hosts (55-100%) (Feliciangeli & Rab-
inovich 1985, Cabello & Galindez 1998, Guarneri et al.
2000, Martinez-Ibarra et al. 2003, 2007, Aldana & Lizano
2004, Arévalo et al. 2007). The V_involves reproduction,
survival and survival per age and it is difficult to establish
which of these life history traits provides the dominant
contribution to ¥ The high values of V_observed in the
cohort fed on mice could be attributed to the extremely
low survival probability from egg to adult stage, which
could increase the importance of the reproductive contri-
bution to the population growth rate in this cohort.

The p is related to the time required (¢ ) to reach a sta-
ble age distribution (SAD) or SSD when a new popula-
tion is being established or if a populations’ age or stage
distribution has been disturbed. To convert this ratio into
a calendar value, we have to specify the ¢ for the second
root (4,) of a Leslie matrix to contribute to a reduction of
a certain multiple (x) of the dominant root (4,). Caswell
(2001) showed that ¢ _can be estimated as 7= In(x)/In(p),
therefore a decline of 5% of the 4, implies the calculation
of ¢, (x = 1/0.05). As the maximum value of the p for 5.
ferroae was p = 1.0182 for the cohort fed on cockroach-
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es, its recovery time was shorter (¢,, = 166 days) than

that of the cohort fed on R. prolixus (p = 1.0130, ¢,, =
231 days); the cohort fed on mice exhibited the lowest p
(1.0125), resulting in the longest recovery period to reach
a SSD (z,,= 251 days). The recovery ¢ _to reach an SSD in
the cohort fed on cockroaches was slightly shorter than
that observed in another Triatominae (Rhodnius neglec-
tus), which was estimated at 172 days by Rabinovich and
Nieves (2011).

It is of interest to compare the above theoretical p
and recovery times with SAD or SSD field values. Ex-
amination of domiciliary populations of B. ferroae from
the locality of San Alberto, Toledo, showed that among
a population of 116 individuals, 3.4% of the specimens
were eggs, 56.9% were nymphs and 39.9% were adults,
while in the locality of Santa Catalina, among a popu-
lation of 279 individuals, 4.7% were eggs, 70.1%, were
nymphs and 24.4%, were adults (Sandoval et al. 2010).
Curiously, these SSDs conform better to the SSD pre-
dicted from the cohort fed on R. prolixus. Thus, either R.
prolixus is a good alternative food source for B. ferroae
or these field populations of B. ferroae are the result of
recent colonisation or have had their SSD altered re-
cently. However, these interpretations have to be consid-
ered with caution, as small nymphs display much lower
catchability than larger nymphs and adults, at least in R.
prolixus (Rabinovich et al. 1995) distorting the sampled
age pyramid.

The significantly higher contribution to 4 of survival
over fecundity reflects the underlying life history of B.
ferroae, which is characterised by a long development
time and long adult longevity, late maturity and low fe-
cundity rate. These three life history traits observed in
various triatomine species (Feliciangeli & Rabinovich
1985, Cabello et al 1987, da Silva & da Silva 1989, Ca-
bello & Galindez 1998) correspond to those described by
Heppell et al. (2000) for long-lived species that mature
late and have few offspring, where fecundity and early
offspring survival are less critical than pre-adult surviv-
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Fig. 5: age-specific elasticity of the survival (A) and fecundity (B) of Belminus ferroae fed on cockroaches, mice and Rhodnius prolixus. The
age of emergence of the first adult in each cohort (red triangle) was 23, 28 and 34 weeks for the cohort fed on cockroaches, mice and R. prolixus,

respectively.
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al to maturity [a “slow” strategy observed along several
taxa, such as the “slow” mammals described by Read and
Harvey (1989)]. The long development time and longev-
ity, as well as the relatively low fecundity of B. ferroae,
could represent an adaptive strategy for environments
that are relatively “crowded” or display low food avail-
ability where selection favours efficiency of the conver-
sion of food into offspring and minimises waste (Rab-
inovich 1974). The colonisation success, estimated as
r,/b, is increased not only when r, is large, but also when
the d is low (MacArthur & Wilson 1967). Although the
cohort fed on R. prolixus showed a significantly lower
r, compared with the cohort fed on cockroaches, no sig-
nificant difference in colonisation success was observed
between those two cohorts, which could be explained
by the lower d of the latter (0.0351) with respect to the
former (0.0593). The higher probability of colonisation
success observed in the cohorts fed on cockroaches pro-
vides an additional indication that arthropods may be the
natural host of B. ferroae, implying that colonising new
habitats is not critical for the domiciliary populations of
this species.

The observed fecundity elasticity was approximately
35% and 45% higher in the cohort fed on cockroaches
than cohorts fed on mice and R. prolixus, respectively.
This reflects the greater relative contribution of female
fecundity to A for the cohort fed on cockroaches, which
might be due to the high fecundity values observed (be-
tween 3-14 times higher than in the cohorts fed on mice
and R. prolixus, respectively).

From a demographic point of view, the elasticity ana-
lysis indicated that adult survival is essential for the main-
tenance of these populations on all of the three hosts test-
ed and is critical in the cohort fed on R. prolixus. These
results also confirm previous reports in Triatominae indi-
cating that control measures targeting adult and/or fifth
instar nymphs survival would be far more effective than
targeting any other stage (Rabinovich & Nieves 2011).

B. ferroae revealed a higher fitness (as measured by
r,) when feeding on cockroaches. This result is consistent
with the fact that B. herreri was captured in houses where
cockroaches were present and that 96% of the intestinal
contents tested reacted with Periplaneta americana anti-
serum (Sandoval et al. 2004) and 86% in B. ferroae, while
only a small proportion reacted to vertebrate blood anti-
sera (Sandoval et al. 2010). As observed for colonisation
success, the higher fitness (higher 7)) of the B. ferroae
cohort fed on cockroaches reinforces the hypothesis that
these arthropods could be the natural host of this species
and showed for the first time the existence of a species of
Triatominae without obliged bloodsucking behaviour.

From an evolutionary perspective, the following al-
ternative hypotheses could explain why triatomines such
as Belminus species show predatory behaviour: (i) Bel-
minus is a basal group within the Triatominae, i.e., it is
most closely related to the common ancestors (closer to
the original entomophagous behaviour); (ii) Belminus is
not a basal group and the predatory behaviour may have
persisted from an ancestral plasticity related to the host
(arthropod/vertebrate). This plasticity in a character that
is particularly ecologically relevant to the Triatominae

might have then evolved towards a predatory behaviour.
This possibility is supported by the eclectic feeding be-
haviours, such as cannibalism, cleptohaematophagy and
haemolymphagy, found in the genera Triatoma, Rhod-
nius, Eratyrus and Panstrongylus under both experi-
mental (Brumpt 1914, Ryckman 1951, Pifiero et al. 1988,
Lorosa et al. 2000, Ruas-Neto et al. 2001) and natural
conditions (Miles et al. 1981, Garrouste 2009). Such
feeding eclecticism within the Triatominae represents
evidence of plasticity in host preferences (Rabinovich
et al. 2011) and plasticity itself can facilitate evolution-
ary change and speciation (Whitman & Agrawal 2009);
(iii)) The Triatominae are a polyphyletic assemblage,
including different tribes and species groups derived
from different lineages within the predatory Reduviidae
(Schofield 1988). In this case, Belminus species would be
interpreted as a Reduviidae lineage at an early stage of
adaptation to haematophagy, as suggested by Schofield
and Galvao (2009).

In terms of the evolutionary hypotheses outlined
above for the subfamily Triatominae, hypotheses (i) and
(i1) imply that haematophagy evolved once in triatom-
ine bugs. These hypotheses are consistent with mono-
phyletic (Lent & Wygodzinsky 1979, Hypsa et al. 2002,
Weirauch & Munro 2009, Patterson & Gaunt 2010) and
paraphyletic (Hwang & Weirauch 2012) origins of the
subfamily and would point toward the need for a broader
definition of the Triatominae. The implications of hy-
pothesis (iii) have been widely discussed by Schofield
and Galvao (2009) and suggest that haematophagy arose
on various occasions from arthropod-predatory ances-
tors, resulting in the subfamily Triatominae. However,
these hypotheses can only be tested through a phylo-
genetic analysis of the subfamily, including species of
Belminus and other representatives of the Bolboderini
and Alberproseniini that have yet to be incorporated.
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