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Artificial blood-feeding of phlebotomines

(Diptera: Psychodidae: Phlebotominae): is it
time to repurpose biological membranes
in light of ethical concerns?
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Abstract

Background: The aims of the present study were to evaluate and compare the efficacy of blood-feeding in phle-
botomines through industrially processed membranes from the small intestine of pigs (used for the production of
commercial sausages) and the skin of euthanized chicks.

Methods: Laboratory-bred Lutzomyia longipalpis and different field-caught phlebotomine species were subjected to
the artificial feeding systems under similar conditions. Paired tests were performed using the control (skin from eutha-
nized chicks) and test membranes (pig small intestine). The feeding rates were compared by paired t-test, and Pearson
correlation was used to examine the relationship between the thickness of the membranes and feeding rate.

Results: The feeding rate was greater with the test membrane than with the control membrane for L. longi-

palpis (t-test, t=—3.3860, P=0.0054) but not for the most frequent field-caught species, Nyssomyia antunesi

(t-test, t=0.7746, P=0.4535). The average thicknesses of the control and test membranes were 184483 um and
344+ 12 um, respectively (Mann-Whitney U-test, U=0.00, Z=2.8823, P=0.0039); however, there was no correlation
between feeding rate and membrane thickness. A moderate positive correlation was observed between the number
of phlebotomines that fed and the total number of phlebotomines in the cage for each type of membrane and for
each species.

Conclusions: The test membrane is a viable alternative for the artificial blood-feeding of phlebotomines, and is thus
a potential substitute for the skin of animals that are euthanized for this purpose. Feeding rate was independent of
membrane thickness.
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Background
Phlebotomines (Diptera: Psychodidae: Phlebotominae)
Thiago Vasconcelos dos Santos and Marinete Marins Pévoa equally are medically important haematophagous insects due to
contributed to this work their recognized role in the transmission of several path-
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essential proteins for the development and maturation of
eggs [2-5]. Thus, the transmission of Leishmania para-
sites is carried out by females, and requires at least two
blood meals, of which the first is from an infected reser-
voir host [2, 6-8].

A supply of blood is required for colony maintenance
[3, 4, 9] and parasite-vector interaction studies of phle-
botomines [4, 9-11]. The insects are commonly fed by
in vivo methods using animals [3, 12] or in vitro methods
using artificial feeding systems [4, 11-14] with natural or
synthetic membranes [11, 15]. Achieving adequate mem-
brane feeding of phlebotomines is difficult. It is neces-
sary to reproduce natural conditions for each species of
phlebotomine, and success is dependent on the effect of
several factors, such as blood/membrane origin, blood/
environment temperature, humidity and the presence of
chemical/textural stimuli [4, 15]. According to Fatemi
et al. [11], it is more difficult to rear phlebotomines than
other haematophagous insects.

Several membranes have been tested for the artificial
blood-feeding of phlebotomines [3, 11-13, 15-20]. Since
the 1970s, chick skin has been recognized as the gold
standard for this purpose [16], and is widely used [3, 4, 9,
11, 15, 16, 21-23]. However, due to controversy concern-
ing reproducibility [3] and ethical concerns regarding
animal welfare, methods requiring vertebrate euthanasia
have been questioned and progressively discouraged [17,
24]. Pig intestine membranes obtained from industrially
processed sausages have already been successfully used
with Psathyromyia shannoni [18]. However, these have
never been tested with laboratory-bred Lutzomyia longi-
palpis, one of the most medically important and widely
studied phlebotomine species, which represents 88% of
the phlebotomine colonies registered in the Americas
[25], or with field-caught species. Thus, the aim of the
present study is to evaluate the artificial blood-feeding of
laboratory-bred L. longipalpis and different field-caught
phlebotomine species through an industrially processed
membrane from the small intestine of pigs which is used
in the production of commercial sausages.

Methods

Phlebotomines

The laboratory-bred phlebotomines were specimens
of L. longipalpis obtained from a closed colony (strain
Cametd F38) maintained in the Ralph Lainson Leishma-
niasis Laboratory, Instituto Evandro Chagas, Belém, Bra-
zil. For the trials, 2- to 3-day-old adult female specimens
were used [3, 26], which were confined to a 16-cm® nylon
cage [858 squares/cm?, squares of 265 (£ 19) um by 291
(+14) pm and 158 (£ 10) pm by 256 (4= 24) um]. The cage
was placed inside a plastic bag containing moist cotton to
maintain the relative humidity at 80410% [15, 21]. The
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insects were supplied with 10% glucose solution ad libi-
tum [3] until 24 h before the trials [12, 27].

Phlebotomines were captured from the field with Cent-
ers for Disease Control and Prevention (CDC) light traps
placed at 1.5 m above ground level (n=2 CDC traps) and
in the canopy at 20 m above ground level (=2 CDC
traps), which operated from 6:00 p.m. to 6:00 a.m. for
seven nights. The phlebotomines were captured in Feb-
ruary and March 2021 in the Bosque Rodrigues Alves—
Jardim Zooboténico da Amazoénia, an urban park in
Belém, Brazil, in which the phlebotomine fauna had been
previously characterized [28]. The phlebotomines were
visually screened from other insects, aspirated from the
primary cage in the field, and transported immediately
to the laboratory under the environmental conditions
given above. After subjecting the field-caught phleboto-
mines to the procedure described above for laboratory-
bred phlebotomines, they were immediately transferred
to a secondary nylon cage. Captured females found to be
engorged, gravid or semi-gravid were excluded from the
experiments.

Membrane feeding

The control membranes comprised skin of 2- to 5-day-
old chicks that had been euthanized according to the
guidelines of the National Council for Animal Experi-
mentation Control, Brazil (normative resolution no.
37/2018—guideline for the practice of euthanasia), and
processed according to McMahon [29] and Ward et al.
[16]. The test membranes comprised pig small intestine
that had been removed from industrially processed sau-
sages (Frimesa Cooperativa Central, Brazil). Prior to use,
the intestines were opened longitudinally, washed with
distilled water and rubbed with gauze to remove the
remains of the sausage stuffing. They were maintained
at 4 °C in sterile water for 72 h and subsequently washed
every 24 h to remove excess condiment, salts and other
impurities [18]. Smooth and uniform fragments were
selected for use. Pieces (4 x 4 cm) were cut from the frag-
ments, spread flat and wrapped in aluminum foil for stor-
age at —20 °C until use [17].

Membrane (serous layer on the outside) was fixed with
insulating tape over the open end (3 cm diameter) of a
glass chamber [16, 17], which provided a feeding sur-
face area of 7.1 cm® Comparative assays using paired
control and test membranes were performed under the
same conditions, with approximately 100—150 specimens
in each nylon cage for both laboratory-bred L. longipal-
pis and different field-caught phlebotomine species; the
latter were taxonomically determined after the trials in
accordance with Galati [30].

The artificial feeding system consisted of two intercon-
nected glass chambers, i.e. one with the test membrane
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and the other with the control membrane, maintained
at 36.5+1 °C in a thermostatic water circulator (Haake
Technik, Germany) [24, 31]. For the comparative trials,
the laboratory-bred and field-caught phlebotomines were
exposed to the paired membranes and allowed to feed for
2 h [3, 22]. The membrane surfaces of the glass chambers
were positioned horizontally and pressed against the top
of the nylon cage [17]. Each chamber was filled with 4 mL
of blood that had been collected from a unique human
volunteer (YVSU), mechanically defibrinated, and fil-
tered through gauze. During the experiment, the cages
were wrapped in black cloth to stimulate feeding [27].
Every 20 min, the membranes were moistened with dis-
tilled water to re-establish humidity and plasticity, and
the blood shaken to avoid cell sedimentation.

After each experiment, the circular areas of the mem-
branes exposed for feeding were cut out, washed with
distilled water and stored in 10% formalin until process-
ing for histological examination [32].

Histology of the biological membranes

Five- to 10-mm membrane fragments were dissected
under a stereomicroscope and fixed in Davidson’s solu-
tion for 24 h before being processed using standard tech-
niques for embedding in paraffin [33, 34]. Two 5-um
serial sections were prepared [32] using a Microm HM
315 microtome (Microm, Walldorf, Germany), depar-
affinized and stained on glass slides with haematoxylin—
eosin [35].

The membrane fragments on the prepared slides were
visualized with an Axioscope 5 microscope (Zeiss, Ger-
many) and photographed with an Axiocam 506 camera
system (Zeiss) for comparative histology. ZEN (blue edi-
tion) version 3.4 software (Zeiss, Germany) was used to
measure the thickness of the membranes. A total of six
samples were used for each membrane type [36]. The
average thickness of the membranes was determined by
measuring four sites in each section. Each site was con-
tinuous for at least 100 um in length and had intact bed-
ding [37].

Data analysis

The feeding rate, which corresponds to the percentage
of engorged phlebotomines in each trial [3, 4], was cal-
culated for the laboratory-bred L. longipalpis and the
field-caught species at a consistent sample size. Paired,
comparative trials were replicated until statistical repro-
ducibility was ensured [3]. Feeding rates were analysed
using Student’s ¢-test with BioEstat 5.3 software (Instituto
Mamiraud, Brazil) [38]. The thickness of the membranes
was compared between groups using the Mann—Whitney
test with Sigmaplot 12.5 software (Systat Software, USA).
The rate of phlebotomines that fed was correlated with
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Table 1 Phlebotomine species captured in February and March
2021 in the Bosque Rodrigues Alves—IJardim Zoobotanico da
Amazonia, Belém, Brazil and used in the comparative artificial
feeding trials

Species Males Females Total %
Nyssomyia antunesi 748 124 872 72.6
Trichophoromyia brachipyga 79 65 144 120
Bichromomyia flaviscutellata 46 31 77 6,4
Trichophoromyia ubiquitalis 26 38 64 53
Micropygomyia trinidadensis 4 7 11 09
Viannamyia furcata 4 4 8 0.7
Pressatia choti 2 6 8 0.7
Brumptomyia avellari 5 0 5 04
Micropygomyia rorotaensis 2 2 4 0.3
Psathyromyia bigeniculata 2 2 4 03
Viannamyia tuberculata 0 2 2 0.2
Evandromyia monstruosa 2 0 2 0.2
Total 920 281 1201 100

the number of phlebotomines in the cage using Pearson’s
correlation test. Pearson’s correlation test was also car-
ried out using BioEstat 5.3 software [38] to compare the
proportion of L. longipalpis that fed with the thickness of
each type of membrane. In all cases, the normality of the
data was confirmed using the Shapiro—Wilk test, and a
significant difference at p <0.05 was considered to indi-
cate a 95% confidence interval.

Results

A total of 1201 specimens belonging to 12 species were
captured and used in the trials. Nyssomyia antunesi was
the most frequent among the captured species (72.6%)
(Table 1) and the only field-caught species for which the
sample size was considered sufficient for statistical analy-
sis. Two species, Nyssomyia antunesi and Bichromomyia
flaviscutellata, fed through the control membrane, with
average feeding rates of 1.7 2.0% and 0.6 £ 1.2%, respec-
tively, while four species, N. antunesi, B. flaviscutellata,
Trichophoromyia ubiquitalis and Pressatia choti, fed
through the test membrane, with average feeding rates of
1.0£1.4%, 0.3+£0.6%, 0.3+0.8% and 0.4=+0.9%, respec-
tively (Table 2).

A total of seven comparative trials were performed for
laboratory-bred and field-caught phlebotomines. In all
seven comparative trials with L. longipalpis, the feeding
rate with the test membrane was significantly greater
than with the control (¢-test, t=-3.3860, P=0.0054).
In contrast, the feeding rate of N. antunesi was greater
with the control than with the test membrane; however,
the difference was not statistically significant (¢-test,
t=0.7746, P=0.4535) (Fig. 1).
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Table 2 Feeding rates of phlebotomine females captured in February and March 2021 in the Bosque Rodrigues Alves—Jardim
Zoobotanico da Amazénia in the comparative assays with the control and test membranes

Trials  Control (chick skin)

Test (pig small intestine)

Nyssomyia antunesi - Bichromomyia Other species n

N.antunesi  B.flaviscutellata - Trichophoromyia

Pressatia choti  Other species n

flaviscutellata ubiquitalis
1 4/76 (5%) 0/0 (0%) 0/0 (0%) 76 1/107 (1%) 1/1 (100%) 0/0 (0%) 0/0 (0%) 0/2 (0%) 110
2 2/58 (3%) 1/2 (50%) 0/9 (0%) 69 1/74(1%)  0/0 (0%) 0/4 (0%) 0/0 (0%) 0/6 (0%) 84
3 0/22 (0%) /5 (20%) 0/6 (0%) 33 0/25 (0%, 0/9 (0%) 0/1 (0%) 0/0 (0%) 0/6 (0%) 41
4 0/31 (0%) 0/2 (0%) 0/13 (0%) 46 0/32(0%)  0/0 (0%) 1/4 (25%) 0/1 (0%) 0/10 (0%) 47
5 0/37 (0%) 0/5 (0%) 0/24 (0%) 66 1/60 (2%, 1/5 (20%) 0/2 (0%) 0/0 (0%) 0/6 (0%) 73
6 2/102 (2%) 0/2 (0%) 0/7 (0%) 111 3/68 (4% 0/5 (0%) 0/1 (0%) 0/0 (0%) 0/5 (0%) 79
7 1/32 (3%) 0/6 (0%) 0/8 (0%) 46 0/25 (0% 0/3 (0%) 0/3 (0%) 1/1 (100%) 0/9 (0%) 41

The average thickness and SD were 184 483 pm for the
control and 34£12 pm for the test membrane, and the
difference was statistically significant (Mann—Whitney
U-test, U=0.00, Z=2.8823, P=0.0039). The histology
of the two types of membrane differed due to the differ-
ent functions of their tissues. The basic structure of the
epidermis, dermis and muscle/conjunctive tissue was
observed for all the sections of chick skin. In contrast,
histological examination of the pig small intestine sec-
tions showed a uniform band with no cellular distinction
or visible tissue layers (Fig. 2).

There were no significant relationship between the feed
rate of laboratory-bred L. longipalpis and membrane
thickness for the control (Pearson’s correlation coeffi-
cient, r=-0.0947, P=0.8584) or test membrane (Pear-
son’s correlation coefficient, r=0.7989, P=0.0566). A
moderate positive correlation was observed in all cases
between the number of phlebotomines that fed and the
total number of phlebotomines in the cage for the con-
trol and test membranes in the trials with L. longipalpis
(Pearson’s correlation coefficient, »=0.5788, P=0.1733
and r=0.6002, P=0.1541, respectively) and in those with
N. antunesi (Pearson’s correlation coefficient, »=0.4684,
P=0.2891 and r=0.6313, P=0.1283, respectively).

Discussion

The general feeding rate of L. longipalpis was high, which
is in agreement with other studies [15, 39], but contrasts
with results obtained with other species [15, 16, 20, 40].
In the paired trials, the feeding rate was greater with
the test membrane than with the control membrane.
These results may be explained by several factors. Firstly,
standard conditions for membrane feeding with chick
skin generally include overnight exposure [16], thus the
short duration of feeding (2 h) and/or daytime feeding
in the paired trials may have been insufficient/unsuit-
able for blood-feeding through chick skin. Secondly, the

frequent moistening of the membranes may have dis-
turbed the phlebotomines. Thus, the phlebotomines may
have needed a longer feeding duration than that used in
this study (2 h) to successfully feed through the chick
skin, and it may have taken time for them to readapt
and resume feeding following the disturbance of their
environment caused by membrane moistening. Thirdly,
attraction to a membrane may also be triggered by spatial
and/or olfactory memory [15, 41].

The general feeding rates of the field-caught species
were low. Additionally, there was no difference in feed-
ing rate of N. antunesi between the control and test
membranes in the paired trials. Data on N. antunesi are
noteworthy because of its medical importance as a sus-
pected vector of Leishmania lindenbergi in Belém and
particularly in the area sampled, where it is well known as
a dominant species [28]. Membrane feeding is generally
unattractive for field-caught phlebotomines, even when
the skin that is used is from their recognized hosts [18].
According to Harre et al. [17], females of recently estab-
lished colony strains are often reluctant to artificially
feed on blood, which demonstrates how challenging the
maintenance of phlebotomines under laboratory condi-
tions is. Despite the low rates recorded, a greater number
of phlebotomine species fed through the test membrane
compared with the control membrane.

It was not possible to accurately determine the status
of the field-caught specimens. However, this factor could
have had a major impact on the results where the female
sand flies were concerned. The ecotopes of the capture
sites usually contain resting females that bite aggressively
when disturbed [28], but teneral specimens would also
have been present, which are unable to feed. Due to tech-
nical limitations at the time of sampling, it was not pos-
sible to screen the insects according to life stage and thus
avoid this type of biological bias.



Sanchez Uzcétequi et al. Parasites & Vectors (2022) 15:399

Fig. 1 a, b Feeding rate (percentage of engorged phlebotomines) in the seven paired trials comparing the test (pig small intestine; white bars) with
the control (chick skin; black bars) membrane. Laboratory-bred Lutzomyia longipalpis (a) and field-caught Nyssomyia antunesi (b)
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Fig. 2 a, b Photomicrographs of haematoxylin—eosin stained histological sections of the membranes. a Chick skin showing sublayers, b industrially
processed pig small intestine showing no tissue differentiation. Scale bar = 50 um. £ Epidermis, D dermis, M/CT muscle/connective tissue
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The structure of the control membrane was similar
to that reported by Couteaudier and Denesvre [42] and
Umar et al. [36]. The histology of the test membrane was
in agreement with that reported by Koolmees et al. [32];
however, only the submucosal layer of the small intestine
was examined since the other layers—mucosal, serous
and muscular—were likely eliminated during the intes-
tinal cleaning process that is commonly performed in
the industrial production of natural casings for sausages.
For example, Wijnker et al. [43] observed the elimina-
tion of 90% of the mucosa and 48% of the lymphoid tissue
through the latter process.

Although there were significant differences in
the average thicknesses of the control and the test

membranes, there was no correlation between mem-
brane thickness and feeding rate for L. longipalpis. This
suggests that other variables may be associated with
the blood-feeding performance of phlebotomines, such
as the factors discussed above which are related to the
biology of the insects. On the other hand, a moderate
positive correlation was observed in all cases between
the number of phlebotomines that fed and the total
number of phlebotomines in the cage for each type of
membrane and for each species. Synergism may arise
when several females feed at that same time, e.g. Triped
et al. [44] demonstrated that cooperative feeding in L.
longipalpis maximizes the effects of inoculated salivary
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components in the host which facilitates blood intake
and counteracts host immune responses.

Further studies are needed to ascertain if L. longipal-
pis colonies can be maintained using artificial feeding
systems comprising processed pig intestine sausage
casing. We also suggest that a broader array of indus-
trially processed membranes from different sources
should be compared to ensure reproducibility.

Conclusions

The results presented here indicate that the revised
artificial blood-feeding system for phlebotomines pre-
sented here has the following advantages. Firstly, it ena-
bles the setting up of a short-term experiment under
well-controlled conditions, which possibly increase
the viability of Leishmania for experimental infec-
tions. Secondly, feeding phlebotomines in a nylon cage
reduces the likelihood of accidental releases, and thus
increases experimental safety. Thirdly, industrially pro-
cessed membranes can be accessed at low cost, are ethi-
cally acceptable, reliable and conserve well when stored
for a long period of time. Seeking to refine procedures
to reduce the number of animals, and/or replace them,
for experimental use is a guiding principle and goal of
the biomedical research community.
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