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Effect of mouse antisera targeting the Phlebotomus papatasi midgut 
chitinase PpChit1 on sandfly physiology and fitness
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In sandflies, the absence of the peritrophic matrix (PM) affects the rate of blood digestion. Also, the kinetics of 
PM secretion varies according to species. We previously characterised PpChit1, a midgut-specific chitinase secreted 
in Phlebotomus papatasi (PPIS) that is involved in the maturation of the PM and showed that antibodies against 
PpChit1 reduce the chitinolytic activity in the midgut of several sandfly species. Here, sandflies were fed on red 
blood cells reconstituted with naïve or anti-PpChit1 sera and assessed for fitness parameters that included blood 
digestion, oviposition onset, number of eggs laid, egg bouts, average number of eggs per bout and survival. In PPIS, 
anti-PpChit1 led to a one-day delay in the onset of egg laying, with flies surviving three days longer compared to the 
control group. Anti-PpChit1 also had a negative effect on overall ability of flies to lay eggs, as several gravid females 
from all three species were unable to lay any eggs despite having lived longer than control flies. Whereas the longer 
survival might be associated with improved haeme scavenging ability by the PM, the inability of females to lay eggs 
is possibly linked to changes in PM permeability affecting nutrient absorption.
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Upon blood feeding, certain Diptera species such as 
mosquitoes and sandflies secrete a peritrophic matrix 
(PM) type 1 that completely surrounds the blood bolus. 
In addition to the compartmentalisation of the blood, the 
PM in these insects can also protect the midgut epithelia 
against abrasion and can function as a barrier to parasites 
or pathogens. The secretion of the PM type 1 by cells lin-
ing the midgut wall is stimulated by and occurs follow-
ing the distention of the midgut as the insect blood feeds. 
Such is fundamentally distinct from PM type 2, which is 
constitutively secreted by specialised cells of the stomo-
deal valve (or cardia) in immature stages in mosquitoes 
and sandflies and in adults of insects such as tsetse fly.

In sandflies, it has been shown that the kinetics of 
PM secretion and its maturation can change according 
to species (Pimenta et al. 1997, Sadlova & Volf 2009). 
PM maturation and degradation are regulated by chi-
tinases secreted in the midgut lumen also following a 
blood meal (Ramalho-Ortigão & Traub-Cseko 2003, 
Ramalho-Ortigão et al. 2005). Indication that the PM is 
modulated by the action of chitinases was obtained by 
feeding allosamidin, a chitinase inhibitor, to sandflies 
leading to a thicker and more persistent PM (Pimenta 
et al. 1997). This more robust PM, likely a result of the 
accumulation of chitin without a corresponding modu-
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lation and/or degradation by chitinase also was associ-
ated with a slower rate of excretion of the blood meal in 
sandflies (Pimenta et al. 1997). Finally, disruption of the 
PM in sandflies by addition of exogenous chitinase was 
recently shown to cause a speedier digestion of the blood 
meal, with faster onset of egg laying, but with fewer eggs 
laid compared to control flies and greater mortality of 
flies (de Araújo et al. 2012)

With the characterisation of the sandfly midgut chi-
tinases LlChit1 (Ramalho-Ortigão & Traub-Cseko 2003) 
and PpChit1 (Ramalho-Ortigão et al. 2005), followed by 
RNAi knockdown studies of PpChit1 (Coutinho-Abreu et 
al. 2010) and of the peritrophin PpPer1 (Coutinho-Abreu 
et al. 2013), we reasoned that changes in the PM perme-
ability, caused either by silencing (RNAi) or blocking (an-
tibodies) of PM-related molecules, may affect digestion 
and/or excretion of the blood meal process in sandflies 
and consequently impact the fitness. Accordingly, here, 
we explored the possibility that feeding antibodies specif-
ic to PpChit1 will reduce (or prevent) the degradation of 
the sandfly PM, thus delaying digestion and/or excretion 
of the blood and likely affecting egg laying as well as oth-
er fitness parameters such as survival. Anti-PpChit1 was 
shown to have a cross-species effect, not only inhibiting 
the midgut chitinolytic of Phlebotomus papatasi (PPIS), 
but also that of Phlebotomus argentipes and Phlebotomus 
duboscqi (PDMA) (Ramalho-Ortigão et al. 2005). Thus, 
anti-PpChit1 antiserum was fed to three different sandfly 
species, PPIS, PDMA and Lutzomyia longipalpis (LLJB) 
using an artificial blood feeding apparatus.

Although no clear difference in the rate of blood 
meal digestion was observed, as we predicted, at least 
for PPIS sandflies certain fitness parameters were af-
fected by feeding red blood cells (RBCs) reconstituted 
in anti-PpChit1 compared to flies fed on RBCs reconsti-
tuted with naïve sera. Taken together, results from this 
study combined with our previous data (Coutinho-Abreu 
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et al. 2010) suggest that PpChit1 and their respective or-
thologs are involved in the maturation of the sandfly 
PM. Targeting PpChit1 will help us understand several 
aspects of the biology of sandfly vectors and provide 
further insights towards the development of novel strate-
gies to control transmission of Leishmania by sandflies.

MATERIALS AND METHODS

Ethics statement - The use of animals during this 
study was reviewed and approved by the Kansas State 
University (KSU) Institutional Animal Care and Use 
Committee, United Sates of America.

Anti-PpChit1 sera - Antisera specific to PpChit1 were 
obtained as described previously (Coutinho-Abreu et al. 
2010). Briefly, plasmid containing the mature PpChit1 
cDNA was purified according to Ramalho-Ortigão et al. 
(2005). Prior to injection, samples were filter sterilised 
through a 0.2 µM filter unit (Millipore). Purified plasmid 
was injected subcutaneously into the ears of isoflurane-
anesthetised female BALB/c mice, eight-12 weeks of age, 
using a 29.5-gauge needle (10 µg of plasmid per mice 
ear). All mice were bred and maintained under pathogen-
free conditions at the Division of Veterinary Medicine, 
KSU. Two weeks after the last DNA immunisation, ap-
proximately 300 μL of blood was collected from the sub-
mandibular vein (“cheek bleed”) of immunised animals. 
Sera were separated following centrifugation at 7,500 
rpm for 10 min (Eppendorf, USA). Antibody titre was 
obtained for each mouse injected with the plasmid car-
rying the mature PpChit1 (Supplementary data, Table I). 
Titres were measured with the Easy-Titer IgG Assay Kit 
(Pierce, USA) following manufacturer’s instructions and 
kept at -20ºC until use. Serum obtained from mouse #4 
(Supplementary data, Table I) was used to feed the flies.

Sandfly rearing and blood feeding - PPIS Israeli strain, 
PDMA Mali strain and LLJB strain were reared in the 
Department of Entomology, KSU, as described (Coutin-
ho-Abreu et al. 2010). Prior to blood feeding, sandflies of 
each species were separated into two 150 females and 30 
males groups each containing four-to-five day old sand-
flies and placed in a 500 mL plastic container (Thermo-

Nalgene, USA) covered with a piece of nylon mesh (0.5 
mm). For blood feeding, RBCs collected from a naïve 
mouse were separately reconstituted in 195 µL of naïve 
or in anti-PpChit1 sera (113 µg of total IgG) (Supplemen-
tary data, Table I). Assuming an IgG concentration of 0.5 
µg/µL for anti-PpChit1, a fully fed fly (0.5 µL of blood) 
took in roughly 0.25 µg of specific anti-PpChit1 serum. 
Sandfly feeding was performed using a glass feeding ap-
paratus fitted with pig intestine membrane.

Flies were allowed to feed for 1 h. Immediately af-
ter feeding, fully engorged females were separated from 
the partial and non-fed ones by anesthetising them with 
CO2 and observing the midgut distension under a stereo-
microscope (Carl Zeiss, USA). Only fully fed sandflies 
of similar size were used for all experiments. Sandflies 
were transferred to 250 mL paper cups (Huhtamaki, 
USA) and maintained at 26ºC and 70% humidity with 
20% sugar solution.

Analysis of blood digestion - The rate of haemoglo-
bin excretion was assessed with a colorimetric assay us-
ing Drabkin’s solution. Drabkin’s solution was prepared 
by adding 5 µL of 30% Brij-35 solution (Sigma, USA) to 
10 mL of Drabkin’s Reagent (Sigma) and mixing gently 
by inverting the tube several times. Following feeding, 
sandflies in either naïve sera or anti-PpChit1 sera-recon-
stituted RBCs (described above) were selected for dis-
section at 24, 30, 36, 48 and 72 h post blood meal (PBM). 
Midguts were transferred into 250 µL of Drabkin’s solu-
tion, homogenised with a hand-held homogeniser (Kim-
ble Chase, USA) for approximately 30 s, transferred to 
a 96-well microtitre plate and incubated for 15 min at 
25ºC. Absorbance at 540 nm was recorded on a Biotek 
Epoch Gen5 (Biotek, USA). Known quantities of mouse 
blood were used as a standard and each sample was mea-
sured in triplicate. For further comparisons, pictures of 
the dissected midguts were taken using an AM423X 
Dino-Eye camera (Dinolite, Taiwan).

As a measure of blood meal loss over time, the hae-
moglobin concentration (of dissected midguts) was deter-
mined for each of the three species of sandflies included 
in the study. For each species, five replicates for PPIS and 

TABLE I
Effect of anti-PpChit1 on fitness parameters for Phlebotomus papatasi (PPIS),  

Phlebotomus duboscqi (PDMA) and Lutzomyia longipalpis (LLJB)

Species Group
Sandflies

(n)

Egg laying 
onset
(days) p

Survival
(days) p

Eggs
(n) p

Egg 
bouts p

Average eggs 
per bout

(n) p

PPIS Control 53 6.40 0.074 7.73 0.078 45 0.158 1 0.378 37 0.312
anti-PpChit1 53 7.49 9.60 55 1 43

PDMA Control 44 9.27 0.560 9.44 0.561 28 0.227 1 0.948 25 0.249
anti-PpChit1 47 8.14 8.42 36 1 31

LLJB Control 32 5.54 0.469 7.01 0.8052 32 0.999 2 0.513 19 0.513
anti-PpChit1 36 5.27 6.9 32 2 16

fitness parameters were calculated by combining four, five and three experimental replicates for each species, respectively.
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PDMA and three replicates for LLJB were performed. 
Replicates were pooled together in the statistical analysis.

Sandfly oviposition and fitness - Three days PBM, 
fully fed females were individually transferred to 125-mL 
plastic pots containing a thin layer (roughly 0.5 cm) of 
plaster at the bottom (ovipot), so that one female was kept 
in each pot. All ovipots were maintained at approximately 
65-70% humidity and each sandfly had access to 20% 
sugar solution ad libitum on a piece of embedded cotton 
placed on top of the mesh of each pot and replaced daily. 
The onset of oviposition (effective day on which eggs be-
gan to be laid), the number of eggs laid, the number of egg 
bouts, average number of eggs per bout and the survival of 
sandflies were recorded daily for each sandfly/ovipot for 
the duration of the experiment, until all flies died.

In this case, four replicates for PPIS, three replicates 
for PDMA and LLJB were completed. As before, repli-
cates were pooled together in the statistical analysis.

Statistical analyses - To test the effect of anti-Pp-
Chit1, statistical analyses were conducted both by in-
dividual species and to compare species. The general 
experimental design for an individual species was a 
randomised complete block design (RCBD) with sub-
sampling. The anti-PpChit1 was the treatment factor, 
the replicate was the blocking factor and individual flies 
were the subsamples. To compare species, a RCBD also 
was used, with a 2 (anti-PpChit1) x 3 (species) factorial 
as the treatment structure, the replicate nested within 
species as the blocking factor and individual flies as 
subsamples. Careful consideration was taken in select-
ing the type of probability distribution to be used with 
each response variable analysed as indicated below. Due 
to an unequal number of replications and subsamples 
per species, the between-within denominator degrees of 
freedom method (Schluchter & Elashoff 1990) was used. 
In addition, to help evaluate the antibody treatment by 
species interaction, simple effects of antibody treatment 
vs. control were done for all species. Statistical analyses 
were conducted using the MIXED and GLIMMIX pro-
cedures, which implement the aforementioned between-
within method in SAS/STAT® software v.9.3 (SAS Insti-
tute Inc, USA). For technical details on SAS procedures 
used, see SAS Online Documentation (support.sas.com/
documentation/onlinedoc/stat/). A significance level of  
α = 0.05 was used for all tests, but results with α = 0.10 
are discussed because the number of replications per spe-
cies is small and these experiments may hence be thought 
of as “pilot” studies.

Analysis for blood digestion response - To investi-
gate changes in haemoglobin concentration over speci-
fied time intervals, a split plot in time was added to the 
general experimental design described above. Differ-
ences in blood digestion between the control and the 
treatment groups were initially accessed via the MIXED 
procedure, allowing us to get variance estimates and 
account for the replicate-to-replicate variability. Since 
the overall residuals appeared rightwardly skewed and 
tests of normality from SAS® UNIVARIATE procedure 
(SAS/STAT® software v.9.3) showed residuals to be not 

normal, a generalised linear mixed model with a gamma 
distribution and a log link function in the SAS GLIM-
MIX procedure was used (Stroup 2012).

Analysis for oviposition and fitness responses - Due 
to the discrete nature of the measurements for onset of 
oviposition, survival and egg bouts, the SAS GLIMMIX 
procedure was used to fit a generalised linear mixed mod-
el with a Poisson distribution and a log link function to 
analyse these responses. In the case of the total number of 
eggs laid and average number of eggs per bout, a genera-
lised linear mixed model with a gamma distribution and a 
log link function were fitted, again using the SAS GLIM-
MIX procedure to account for upper skew of the data.

Gravid flies that never laid eggs - A significant num-
ber of gravid flies never laid any eggs. To investigate dif-
ferences in the proportion of gravid sandflies that never 
laid eggs in the control and the anti-PpChit1 groups for an 
individual species, a Fisher’s Exact Test was conducted us-
ing Minitab® Statistical software v.16 (Minitab Inc, USA).

RESULTS

Effect of anti-PpChit1 on blood retention - Overall, 
there was no statistical significant difference in blood re-
tention in midguts from naïve blood-fed flies compared 
with anti-PpChit1 blood-fed flies when examined over 
time (Supplementary data, Figure, Tables I, II).

Interestingly, we observed a faster excretion of the 
blood meal in anti-PpChit1 fed PDMA flies at the begin-
ning with a decrease later during digestion. At 24 h PBM, 
the blood retained in the midgut of anti-PpChit1 fed flies 
was equivalent to the control group. Then, at 30 and 36 h 
PBM anti-PpChit1 fed flies begun to excrete the blood meal 
faster than the control group. At 48 h they seemed to slow 
down the digestion process compared to the control group. 
However, these results are not statistically significant.

Sandfly oviposition and fitness - A delay of approxi-
mately one day on the onset of oviposition was detected 
for PPIS flies (from 6.4 days for the onset in control flies 
to 7.5 days for PpChit1 fed flies; p = 0.074) (Table I). A 
difference in survival of PPIS flies, from 7.73 days for the 
control group to 10.6 days for anti-PpChit1 (p = 0.078), 
also was observed. No significant difference was detected 
for the other fitness parameters. The analysis for PDMA 
and LLJB species did not show a statistically significant 
difference in any of the fitness parameters between the 
control and the anti-PpChit1 groups (Table I).

Gravid sandflies that never laid eggs - During the 
study, a percentage of females from all three species of 
sandflies did not lay any eggs even though these were 
clearly gravid flies. For both PDMA and LLJB, more flies 
fed with anti-PpChit1 did not lay any eggs compared to 
the control groups (Table II). Fisher’s exact test suggested 
a difference approaching significance for both PDMA (p 
= 0.058) and LLJB (p = 0.06) regarding this potentially 
negative effect of anti-PpChit1 on egg laying. Interest-
ingly, for the LLJB flies, nearly 20% of flies that fed on 
anti-PpChit1 did not lay eggs. For PDMA, this number 
was nearly 15%. No significant difference (p = 0.319) was 
observed for PPIS. Curiously, we also noted that, for a 
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small sample size, PDMA and PPIS that were fed with 
anti-PpChit1 had more eggs (81 and 72 eggs, respective-
ly) in their ovaries than control flies (33 and 62 eggs); yet, 
these flies never laid eggs (Supplementary data, Table II). 
Due to the experimental design used in our studies and 
due to how the data were collected, we were unable to 
(statistically) compare the survival of the flies that suc-
cessfully lay with flies that did not lay any eggs even 
though their survival was considerable. Nevertheless, the 
average number of days that flies lived under the experi-
mental conditions described is shown in Table II.

Comparing effect of anti-PpChit1 across sandfly 
species - The effect of anti-PpChit1 was also evaluated 
to compare the three species of sandflies for the blood di-
gestion and all the fitness parameters mentioned above. 
No statistically significant differences were observed.

DISCUSSION

PpChit1 is a midgut-specific chitinase presumably 
involved in modulation and degradation of the PM in 
PPIS and escape of parasites from the endoperitrophic 
space (Ramalho-Ortigão et al. 2005). It has been dem-
onstrated that anti-PpChit1 sera inhibit chitinolytic ac-
tivity in the midgut of PPIS. Interestingly, these same 
antibodies displayed a cross-species effect, inhibiting 
chitinolytic activity in the midgut of PDMA and P. ar-
gentipes (Ramalho-Ortigão et al. 2005). We also showed 
that RNAi-induced knockdown of PpChit1 leads to a 
significant reduction of Leishmania major within PPIS 
midgut (Coutinho-Abreu et al. 2010), which is associ-
ated with the thickening of the PM (unpublished obser-
vations). Thus, blocking PpChit1 by means of feeding 
flies with polyclonal antisera specifically raised against 
this protein possibly changes the permeability of the PM 
in sandflies which in turn impacts fitness.

Anti-PpChit1 specific antiserum was fed to three 
different sandfly species, PPIS, PDMA and to LLJB us-
ing an artificial blood feeding apparatus. We then as-
sessed the rate of blood digestion, or excretion, as well as 
fitness parameters such as the onset of oviposition, the 

total number of egg laid, eggs bouts, number of eggs per 
bout and sandfly overall survival.

Regarding the rate of excretion of the blood, as meas-
ured by the release of haemoglobin, no statistical signifi-
cant differences were observed between anti-PpChit1 fed 
or naïve sera fed flies for all three sandfly species tested 
(PPIS, PDMA and LLJB). These results are similar to ob-
servations by Pimenta et al. (1997) in which no difference 
in blood meal loss/excretion was observed when comparing 
between blood-fed flies, infected blood-fed flies and blood-
fed treated with chitinase. However, Pimenta et al. (1997) 
did observe differences in blood meal loss in chitinase-
treated infected flies compared to the other groups. Moreo-
ver, greatest decline of haemoglobin occurred between 48-
72 h with complete loss of the blood meal by 96 h.

An apparent difference was detected in the excretion 
of the blood in PDMA flies at 30 and 36 h PBM (Table 
III), as indicated by the concentration of haemoglobin in 
comparison to PPIS and LLJB (Tables IV, V). In this case, 
in PDMA fed on anti-PpChit1 sera displayed a rate of di-
gestion that was faster than naïve sera fed flies, whereas 
the opposite was observed in PPIS and LLJB for the same 
time points. Though no statistical difference was observed 
in any of the treatments in all three flies, it is plausible that 
in PDMA the PM kinetics affected the results observed. 
Another possibility is that upon feeding, chitinase is se-
creted into the gut lumen as an inactive pro-enzyme that 
is later activated by trypsin (Shen & Jacobs-Lorena 1997). 
Thus, if inhibitors of trypsin are present in the gut be-
tween 24-48 h PBM, the activation of chitinase might not 
be achieved until the levels of this inhibitors decrease.

Haematophagy provides females with essential nutri-
ents used for egg development (Villalon et al. 2003, Se-
cundino et al. 2005). A slower blood digestion, to some 
extent expected after feeding with anti-PpChit1, would 
then lead to slower egg production (oviposition) due to 
longer lasting PM affecting absorption of nutrients. In 
our results, however, no difference in blood digestion be-
tween control and experimental flies of the three species 
(PPIS, PDMA and LLJB) was observed.

TABLE II
Gravid sandflies that never laid eggs

Sandfly 
species Group

Sandflies 
(n)

Flies that never laid eggs
n (%) p

Mean survival (SD)/
never laid eggs

Mean survival (SD)/
laid eggs

PPIS Control 53 7 (13.2) 0.319 15.14 (4.14) 7.49 (1.23)
anti-PpChit1 53 3 (5.66) 15.66 (4.72) 9.6 (1.7)

PDMA Control 44 1 (2.27) 0.058 10 (-) 9.27 (2.34)
anti-PpChit1 47 7 (14.89) 12.71 (5.53) 8.14 (1.9)

LLJB Control 32 1 (3.13) 0.06 10 (-) 7.0117 (0.86)
anti-PpChit1 36 7 (19.44) 11.1 (3.39) 6.9 (0.82)

total number of gravid flies per species and number of gravid flies per treatment that did not lay eggs are shown. The percentage 
of gravid flies per treatment group that did not lay eggs is shown and the p-values are given from the Fisher’s Exact Test. The 
mean survival (in days) with the standard deviation (SD) is shown for gravid flies that never laid eggs vs. gravid flies that laid 
eggs. LLJB: Lutzomyia longipalpis; PDMA: Phlebotomus duboscqi; PPIS: Phlebotomus papatasi.
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TABLE III
Amount of blood in control and anti-PpChit1 groups for Phlebotomus duboscqi (PDMA)

Time 
PBM 
(h)

Control anti-PpChit1

p

Sandfly 
PDMA 

(n)
Haemoglobin 

(mg/mL) 95% CI

Sandfly 
PDMA 

(n)
Haemoglobin 

(mg/mL) 95% CI

24 25 0.261 0.216-0.315 25 0.261 0.216-0.316 0.987
30 25 0.266 0.220-0.322 25 0.244 0.202-0.295 0.364

36 26 0.247 0.204-0.298 26 0.215 0.178-0.260 0.142
48 26 0.198 0.164-0.239 26 0.222 0.183-0.268 0.225

five replicates performed and pooled together to generate the average haemoglobin concentration in whole midgut at different 
time points post blood meal (PBM). CI: confidence interval.

TABLE IV
Amount of blood in control and anti-PpChit1 groups for Phlebotomus papatasi (PPIS)

Time PBM 
(h)

Control anti-PpChit1

p
Sandfly PPIS 

(n)
Haemoglobin 

(mg/mL) 95% CI
Sandfly PPIS 

(n)
Haemoglobin 

(mg/mL) 95% CI

30 30 0.268 0.200-0.359 32 0.262 0.196-0.351 0.863
36 30 0.258 0.193-0.346 32 0.282 0.211-0.378 0.497
48 36 0.221 0.165-0.295 36 0.221 0.165-0.296 0.982
72 32 0.132 0.098-0.177 52 0.15 0.112-0.200 0.326

five replicates were measured and pooled together to generate the average of haemoglobin concentration in whole midgut at different 
time points post blood meal (PBM). CI: confidence interval.

Regarding the number of eggs laid by females fed ei-
ther with anti-PpChit1 or naïve sera, no difference was 
observed for any of the three sandfly species, PPIS, 
PDMA or LLJB. In a similar fashion, no difference in re-
production and fecundity (egg production) were observed 
in Aedes stephensi and Aedes aegypti fed with antisera 
targeting the PM (Villalon et al. 2003, Kato et al. 2008).

Interestingly, a difference that can be considered as 
“approaching significance” with regards to the onset 
of oviposition in PPIS flies fed with anti-PpChit1 was 
observed. PPIS fed on anti-PpChit1 sera took approxi-
mately one extra day to start laying eggs in comparison 
to the flies that were fed the naïve sera. Recently, it has 
been shown that oviposition onset of LLJB fed on blood 
containing exogenous chitinase occurred sooner and pro-
duced fewer eggs than control fed flies (de Araújo et al. 
2012). Taken together these data suggest that, following 
digestion of the blood meal, the presence of the PM in 
sandflies somehow slows down the absorption of nutri-
ents that are used for egg development and egg laying.

Regarding survival, a slight difference “approach-
ing significance” (p = 0.078) was observed in PPIS flies 
that fed on blood containing anti-PpChit1 in comparison 

to flies that fed on naïve sera: PPIS flies fed on anti-
PpChit1 lived approximately three days longer. It is 
conceivable that, at least for PPIS, the feeding of anti-
PpChit1 leading to a thicker PM possibly provides ad-
ditional haeme binding sites (haeme-regulatory motifs 
from peritrophins associated with the PM) to further 
reduce the toxic effects of this molecule.

Gravid PDMA and LLJB sandflies treated with anti-
PpChit1 did not lay eggs (p-values at 0.058 and 0.06, 
respectively, and deemed “approaching significance”) 
even when surviving longer than flies that laid eggs. For 
LLJB, nearly 20% of flies fed on anti-PpChit1 did not 
lay their eggs compared to approximately 3% of flies 
that fed the control sera. For PDMA, this difference was 
roughly 15-2.3%. To our surprise, this effect was not re-
produced in the PPIS flies. It is not yet clear if the differ-
ence observed regarding the ability to lay eggs was due, 
for example, to variability related to the size of the blood 
meal, the body size, the sugar diet or whether these fe-
males had mated successfully or whether this represents 
a possible effect of the anti-PpChit1 sera. Regarding the 
first three variables (blood meal size, sandfly body size 
and sugar diet), our experimental design was done to 
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minimise as much as possible the influence if these fac-
tors in our analyses. Regarding successful mating, it is 
known that male accessory gland secretions are able to 
influence various aspects of female reproductive physi-
ology and behaviour, including oviposition (Gillot 2003, 
Avila et al. 2011). Notwithstanding, if an effect of anti-
PpChit1 is indeed the cause for such an effect, the pre-
cise mechanism(s) remains to be investigated. 

In sandflies, the PM was associated with the rate of 
excretion (Pimenta et al. 1997). Accordingly, absence of 
the PM due to the presence of exogenous chitinase in 
the blood meal was correlated with a speedier digestion 
and faster onset of egg laying. However, it also led to a 
greater number of flies dying without laying eggs and to 
fewer eggs been laid per female (de Araújo et al. 2012).

In spite of the subtle differences observed for most of 
the parameters investigated, the results from this study 
are consistent with data previously reported (de Araújo 
et al. 2012). Moreover, the presence of proteases in the 
midgut of the sandflies soon after blood feeding likely 
affected the bioavailability of the anti-PpChit1 antibod-
ies, masking or reducing their effect. The results pre-
sented here provide further evidence of the role played 
by PpChit1 in modulating the PM. However, how the 
permeability of the PM can influence nutrients absorp-
tion affecting longevity and oviposition in sandflies re-
mains to be investigated.
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TABLE V
Amount of blood in control and anti-PpChit1 groups for Lutzomyia longipalpis (LLJB)

Time PBM 
(h)

Control anti-PpChit1

p
Sandfly LLJB 

(n)
Haemoglobin 

(mg/mL) 95% CI
Sandfly LLJB 

(n)
Haemoglobin 

(mg/mL) 95% CI

24 20 0.265 0.189-0.371 22 0.283 0.202-0.396 0.620
30 20 0.272 0.194-0.381 20 0.307 0.219-0.43 0.368
36 20 0.252 0.180-0.354 22 0.304 0.217 -0.425 0.179
48 22 0.261 0.186-0.366 21 0.281 0.201-0.394 0.577

three replicates were performed and pooled together to generate the average of haemoglobin concentration in whole midguts at 
different time points post blood meal (PBM). CI: confidence interval.
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Sandfly midgut digestion process over time. Midguts of sandflies fed on red blood cells reconstituted in naïve (A) or anti-PpChit1 (B) sera 
and dissected at 24, 30, 36 and 48 h post blood ingestion. Midguts are displayed with their anterior end (or thoracic portion) to the left and 
the posterior end to the right.

TABLE I
Antibody titres of nine mice injected with plasmid 

Mouse OD 340

Total IgG
 concentration 

(mg/mL) SD
CV 
(%)

#1 0.817 0.59 0.11 9.21
0.788

#2 0.875 0.25 0.01 0.589
0.873

#3 0.907 0.12 0.02 2.01
0.914

#4 0.854 0.58 0.36 28.7
0.762

#5 0.815 0.45 0.1 8.61
0.843

#6 0.85 0.32 0.04 3.89
0.863

#7 0.928 0.06 0.02 2.26
0.936

#8 0.867 0.28 0 0
0.867

#9 0.835 0.37 0.06 6.05
0.855

Naïve mouse sera 0.943 0 0.04 6.43
0.966

the total concentration of IgG for each mouse was calculated 
based on absorbance at 340 nm of a 1:10.000 dilution. Opti-
cal density (OD) were plotted to determine each individual 
concentration. Each sample was done in duplicate. Standard 
deviation (SD) and coefficient of variance (CV) are shown for 
each pair of sample readings.

TABLE II
Number of eggs retained in ovaries

Species Group
Sandflies 

(n)

Average 
eggs in fly

(n)

PPIS Control 7 62
anti-PpChit1 3 72

PDMA Control 1 33
anti-PpChit1 2 81

LLJB ND ND ND

after each sandfly died, its ovaries were dissected and the 
number of eggs left was counted. LLJB: Lutzomyia longi-
palpis; ND: not determined; PDMA: Phlebotomus duboscqi; 
PPIS: Phlebotomus papatasi.


