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ARTICLE INFO ABSTRACT

Keywords: In insects, cathepsin D is a lysosomal aspartic endopeptidase involved in several functions such as digestion,

Cathepsin D defense and reproduction. Jack Bean Urease (JBU) is the most abundant urease isoform obtained from the seeds

};ﬁease ) of the plant Canavalia ensiformis. JBU is a multifunctional protein with entomotoxic effects unrelated to its
riatomine

catalytic activity, by mechanisms not yet fully understood. In this work, we employed nymphs of the hema-
tophagous insect Dipetalogaster maxima as an experimental model in order to study the effects of JBU on
D. maxima CatD (DmCatD). In insects without treatment, immunofluorescence assays revealed a conspicuous
distribution pattern of DmCatD in the anterior and posterior midgut as well as in the fat body and hemocytes.
Western blot assays showed that the active form of DmCatD was present in the fat body, the anterior and pos-
terior midgut; whereas the proenzyme was visualized in hemocytes and hemolymph. The transcript of DmCatD
and its enzymatic activity was detected in the anterior and posterior midgut as well as in fat body and hemocytes.
JBU injections induced a significant increase of DmCatD activity in the posterior midgut (at 3 h post-injection)
whereas in the hemolymph, such an effect was observed after 18 h. These changes were not correlated with
modifications in DmCatD mRNA and protein levels or changes in the immunofluorescence pattern. In vitro ex-
periments might suggest a direct effect of the toxin in DmCatD activity. Our findings indicated that the tissue-
specific increment of cathepsin D activity is a novel effect of JBU in insects.

Mechanism of action
Toxicity

1. Introduction

Cathepsin D (EC 3.4.23.5) is a soluble aspartic endopeptidase syn-
thesized in the rough endoplasmic reticulum as pre-pro-cathepsin D
(pre-pro-catD). After removal of the signal peptide, pro-CatD of about
52 kDa is carried to acidic vesicular intracellular structures, where af-
terwards it becomes a mature lysosomal peptidase. CatD activity can be
regulated by several factors including pH and the interaction with other
molecules such as specific inhibitors or glycosaminoglycans that

promote its activation (Benes et al., 2008; Beckman et al., 2009). This
enzyme participates in numerous physiological processes such as the
metabolic degradation of polypeptide hormones and growth factors, the
processing of enzyme activators and inhibitors as well as the regulation
of programed cell death (Gacko et al., 2007). In insects, CatD has been
implicated in food digestion (Padilha et al., 2009), defense against
pathogens (Borges et al., 2006), cell remodeling associated with meta-
morphosis (Cho and Raikhel, 1992), yolk protein degradation (Fialho
et al., 2005) and follicular atresia (Leyria et al., 2015), among others.

Abbreviations: BSA, bovine serum albumin; CatD, cathepsin D; DAPI, 4’,6-diamidino-2-phenylindole; DIC, differential interference contrast; DmCatD, Dipeta-
logaster maxima cathepsin D; JBU, Jack Bean Urease; NOS, nitric oxide synthase; pre-pro-catD, pre-pro-cathepsin D; OCT, Optimal Cutting Temperature; PBS,
phosphate buffered saline; RFU, relative fluorescence units; UAP, UDP-N-acetylglucosamine pyrophosphorylase.
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Dipetalogaster maxima is the largest of triatomine species, living in
wild environments of Baja California Sur, Mexico (Guzman-Bracho,
2001). Even though its epidemiological relevance as a vector of Chagas
disease is nowadays limited, this species has started a process of adap-
tion to human dwellings. This aspect could be of sanitary significance in
the near future, and deserves regular surveillance and monitoring (Sal-
azar-Schettino et al., 2010). D. maxima has been used in our laboratory
as a research model for the study of physiological aspects of the repro-
ductive cycle, with special emphasis on the role of cathepsin D
(DmCatD) during follicular atresia (Aguirre et al., 2011; Leyria et al.,
2015). Although the activity of DmCatD was described in the fat body,
ovaries and hemolymph of D. maxima females throughout the repro-
ductive cycle, the expression and activity profile of DmCatD in nymphs
has not been reported yet.

Ureases (urea amido hydrolases, EC 3.5.1.5.) are nickel-dependent
enzymes that catalyse the hydrolysis of the urea into carbon dioxide
and ammonia (Callahan et al., 2005; Kappaun et al., 2018). They are
produced by a wide variety of organisms such as bacteria, fungi and
plants but not by animals. Ureases are moonlighting proteins that
exhibit a number of different functions besides their enzyme activity
(Carlini and Ligabue-Braun, 2016). In the last decades, ureases were
included alongside other molecules as defense proteins with biotech-
nological potential as insecticides (Staniscuaski and Carlini, 2012). The
urease isoforms of the leguminous plant Canavalia ensiformis (“Jack
Bean”) were lethal when fed or injected to insect of different species,
including phytophagous and hematophagous hemipterans (Carlini and
Ligabue-Braun, 2016). Moreover, the injection of Jack Bean Urease
(JBU), the most abundant urease isoform of C. ensiformis, into the
hemocel of the triatomine Rhodnius prolixus triggered an immune
response (Defferrari et al., 2014). Likewise, it was demonstrated that
about 3% of the ingested JBU can withstand degradation in the midgut
lumen and could be found intact later on in the insect hemolymph
(Staniscuaski et al., 2010).

Insects display several mechanisms that provide the ability to adapt
to situations presented by the contact with new environments and
potentially natural or artificial toxic molecules (Garcia-Gonzalez et al.,
2017). Within these mechanisms, the defense system of insects is part of
a complex and dynamic response designed to cope with the harmful
effects of some plant enzymes such as ureases (Staniscuaski and Carlini,
2012). Taking into account that the mechanisms of action of ureases in
insects are not yet fully understood, we employed D. maxima as a model
organism to study the effects of JBU on DmCatD.

2. Materials and methods
2.1. Chemicals

Rabbit polyclonal anti-human cathepsin D antibody (sc-10725) and
MCF7 whole cell lysates (Santa Cruz Biotechnology, Palo Alto, CA, USA);
Alexa Fluor 568-conjugated goat anti-rabbit IgG antibody and 4’,6-dia-
midino-2-phenylindole (DAPI) (Molecular Probes, Carlsbad, CA, USA);
Tissue-Tek embedding medium Optimal Cutting Temperature (OCT,
Miles, Elkhart, IN, USA); Fluorsave (Calbiochem, Darmstadt, Germany);
electrophoresis protein standards (New England Biolabs, Ipswich, MA,
USA); MMLV reverse transcriptase (Promega, Heidelberg, Germany);
PCR Primers (Sigma Genosys, Houston, TX, USA); MasterPure RNA
Purification Kit (Epicenter Biotechnologies, Madison, WI, USA); Power
SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA) were from indicated commercial sources. Jack Bean Urease type
C3, protease inhibitor cocktail for general use and all other chemicals
were from Sigma-Aldrich (St. Louis, MO, USA). The fluorogenic peptide
substrate Abz-AIKFFSAQ-EDDnp was synthetized by Dr. Maria Apar-
ecida Juliano (Dept. Biophysics, Universidade Federal de Sao Paulo,
Brazil).
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2.2. Insects

The experiments were conducted with fed fifth instar nymphs of
D. maxima (6-7 days after blood meal) and the blood meal represented
approximately 6-7 times their own weight. The insects were taken from
a colony maintained under standardized conditions (28 °C, 70% hu-
midity, 8:16 h light:dark photoperiod) (Canavoso and Rubiolo, 1995),
according to the recommendations of the National Institute of Parasi-
tology (National Health Ministry, Argentina) (Ntnez and Segura, 1987).

2.3. Ethics statement

The maintenance of the insect colony followed a protocol (Res. Dec.
#1392/2016-EXP-UNC:0034722/2016) authorized by the Animal Care
Committee of the Centro de Investigaciones en Bioquimica Clinica e
Inmunologia (CIBICI-CONICET-Universidad Nacional de Cérdoba) in
accordance with the guidelines of the Canadian Council on Animal Care
with the assurance number A5802-01 delivered by the Office of Labo-
ratory Animal Welfare (National Institutes of Health). The animal fa-
cility at the CIBICI-CONICET belongs to the Argentine National Ministry
of Science (Sistema Nacional de Bioterios, MINCyT, http://www.biot
erios.mincyt.gob.ar).

2.4. RNA extraction and reverse transcription/quantitative PCR (RT-
qPCR)

The fat bodies, the anterior and posterior midguts were individually
dissected in cold phosphate buffered saline (PBS: 6.6 mM NayHPO,/
KH3POy4, 150 mM NaCl, pH 7.4). The hemolymph was collected from an
incision in one of the legs and stored in ice cold microtubes containing
anticoagulant solution (10 mM NayEDTA, 100 mM glucose, 62 mM
NacCl, 30 mM sodium citrate, 26 mM citric acid, pH 4.6) at a ratio of 1:5
(anticoagulant: hemolymph) and phenylthiourea to avoid melanization
(Fruttero et al., 2016). The hemolymph from three insects was pooled
and centrifuged at 1000 x g for 10 min at 4 °C to pellet the hemocytes.

RNA extraction of tissue samples and hemocytes was conducted
employing the NucleoSpin RNA XS kit (Macherey-Nagel, GmbH & Co,
Diiren, Germany) following the instructions from the manufacturer.
cDNA was synthesized from 2 pg of total RNA by means of reverse
transcription reaction employing the MMLYV reverse transcriptase pro-
tocol. Real time PCR (qPCR) analysis was performed using an ABI Prism
7500 sequence detection system (Applied Biosystems, Foster City, CA,
USA) and SYBR green chemistry as already described (Leyria et al.,
2015). The 2724% method was used to quantify relative changes in gene
expression using 18S ribosomal RNA (18S rRNA) as normalizer. The
primer sequences are depicted in Supplementary Table S1.

2.5. Analysis of DmCatD expression by Western blot

The fat bodies, the anterior and posterior midguts were dissected and
stored with a protease inhibitor cocktail at —80 °C until use. Thereafter,
the organs were individually homogenized in buffer Tris-HCl-NapEDTA
(50 mM Tris, 1 mM EDTA, 0.1% Triton X-100, pH 7.5) and centrifuged at
1000 x g for 10 min (4 °C). The supernatant was recovered and sub-
jected to a second spin at 20,000 x g for 20 min at the same temperature.
The protein concentration was measured in the second supernatant ac-
cording to Bradford (1976). The hemolymph samples were individually
collected as described above and centrifuged at 1000 x g for 10 min at
4 °C. The supernatant was labeled as hemocyte-free hemolymph and the
pellet (hemocytes) was resuspended in buffer sample. Then, samples
were electrophoresed in 15% SDS-PAGE, transferred to a nitrocellulose
membrane and blocked, according to Leyria et al. (2015). After washing,
the membrane was incubated with the polyclonal anti-cathepsin D
antibody (1:300 dilution) overnight at 4 °C and then with the secondary
antibody (Li-Cor IRDye 800CW polyclonal goat anti-rabbit IgG,
1:15,000) at room temperature for 1 h. Blots were analysed with the
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Fig. 1. DmCatD expression profile (nRNA and protein) in fifth instar nymphs of D. maxima. The anterior (AM) and posterior midgut (PM), the fat body (FB), the
Hemocytes (He) and the hemolymph (Hemo) from fed nymphs were processed for qPCR (A) and Western blot (B), as described in Materials and Methods. For qPCR,
total RNA was extracted and the DmCatD transcripts were quantified using specific primers and 18S ribosomal RNA as normalizer. ***P < 0.0001 vs fat body,
hemocytes and posterior midgut (n = 5). For Western blot, approximately 50 pg of proteins were loaded in each lane, separated by 15% SDS-PAGE and probed with
the anti-CatD antibody. Whole cell MCF7 lysate (0.2 pg) was employed as a positive control. Densitometric analyses of three independent blots were performed upon
the intensity of the pro-DmCatD and DmCatD bands detected in each lane and the amount of total proteins loaded and stained with Ponceau S.

Odyssey quantitative Western blot near-infrared system (Li-Cor Bio-
sciences, Lincoln, NE, USA) using default settings. MCF7 whole cell
lysate derived from the MCF cell line was used as a positive control of
Western Blot assays (Leyria et al., 2015, 2018).

2.6. Determination of DmCatD activity

The activity of DmCatD was measured in samples obtained as
described in the previous section using the specific synthetic fluorogenic
substrate Abz-AIKFFSAQ-EDDnp, according to Aguirre et al. (2011) with
minor modifications. For these experiments the material was homoge-
nized in PBS. Reactions were monitored every 6 s for 5 min in a Multi-
Mode Microplate Reader Sinergy HT (BioTek Instruments, Winooski,
VT, USA) with 320/430 nm excitation/emission filters. Results were
expressed as relative fluorescence units (RFU)/ug protein/min.

For in vitro experiments, aimed to investigate a direct effect of JBU on
DmCatD activity, 30 pg of protein of posterior midgut homogenates and
hemocyte-free hemolymph were incubated with 1 and 100 nM JBU (540
kDa) or an equivalent volume of PBS (control) for 1 h at room temper-
ature and immediately employed for enzyme activity assays. An addi-
tional control incubating JBU plus the fluorogenic substrate was also
performed. No CatD-like enzymatic activity was found (data not shown).

2.7. Immunofluorescence assays

Fat bodies, anterior and posterior midguts were dissected out and
subjected to cryostat sectioning as described (Leyria et al., 2015). The
hemolymph was collected as described and the hemocytes were adhered
to poly-i-lysine-treated slides according to Moyetta et al. (2017). The
slides were permeabilized and blocked in 0.1% Triton X-100, bovine
serum albumin (BSA) 2.5%, fetal bovine serum 5% in PBS for 1 h at room
temperature, followed by incubations with the polyclonal anti-cathepsin

D antibody (1:25) and the anti-rabbit IgG labeled with Alexa Fluor® 568
(1:300) for 1 h at 37 °C each. Antibodies were diluted in 1% BSA in PBS
and all incubations were performed in a humid chamber. Slides were
washed twice with PBS for 5 min and controls of the immunofluores-
cence assays were carried out without the incubation of one or both
antibodies. The nuclei were stained with 300 nM DAPI for 2 min and the
slides were mounted in Fluorsave and observed with a Leica DMi8 mi-
croscope (Leica Microsystems, Wetzlar, Germany).

2.8. Injections of JBU into the hemocel of D. maxima nymphs

Insects were placed ventral side up under a stereoscopic microscope
and injections of JBU (0.125 pg/mg insect body weight) in PBS were
performed using a microsyringe. Controls were carried out by injecting
equivalent volumes of PBS (Fruttero et al., 2016).

2.9. Gel shift and Western blot

In order to explore the possibility of proteins that can interact in vitro
with JBU, a combination of gel shift and Western blot was employed
(Bollag and Edelstein, 1991; Park and Raines, 1997). JBU alone (0.5 pg)
or mixed with posterior midgut homogenates or hemocyte-free hemo-
lymph (50 pg each) were incubated for 1 h at room temperature and
subjected to a 6% polyacrylamide gel electrophoresis under non dena-
turing conditions. Then, samples were transferred to a nitrocellulose
membrane and blocked. After washing, the membrane was incubated
with the polyclonal anti-Jaburetox antibody (1:1000 dilution) for 1 h at
room temperature and then with the secondary antibody as described
above. Jaburetox is a recombinant JBU-derived peptide (Mulinari et al.,
2007) and the cross reactivity of the antibody with the JBU was already
reported (Martinelli et al., 2017).
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Fig. 2. DmCatD distribution in the anterior midgut of
D. maxima nymphs at 6 days after blood meal. The

organs were dissected and processed as described in
the Materials and Methods section. Cryostat sections
were incubated with an anti-cathepsin D antibody, an
Alexa Fluor 568-conjugated secondary antibody (red)
and DAPI (blue) in order to stain the nuclei. (A, C and
E) are the fluorescence nuclei images of different
sections while (B, D and F) are the corresponding
fluorescent profiles of DmCatD. Insets show the
matching differential interference contrast (DIC) im-
ages. H, hemolymph; L, lumen; E, epithelium. Bars:
50 pm for A-D and 20 pm for E-F. (For interpretation
of the referencems to colour in this figure legend, the
reader is referred to the web version of this article.)

50 um

50 pm

2.10. Statistical analysis

For Western blot, qPCR and enzymatic assays, samples from anterior
and posterior midgut, fat body and hemolymph were individually
collected and then processed as stated. In addition, assays with hemo-
cytes were performed by pooling the hemolymph from 3 insects for each
sample. Student’s t-test or one-way ANOVA were used and a P value
<0.05 was considered statistically significant. Graphs and statistical
tests were performed using software program GraphPad Prism 5 (San
Diego, CA, USA) and the data was expressed as mean =+ Standard Error of
the Mean (SEM).

3. Results and discussion
3.1. DmCatD expression

The transcription profile of DmCatD was assessed by qPCR in fat
bodies, hemocytes as well as in the anterior and posterior midguts of
D. maxima nymphs at 6-7 days after a blood meal (Fig. 1A). The DmCatD
transcript was detected in all assayed samples, with the highest
expression found in the anterior midgut (Fig. 1A). This result was ex-
pected, taking into account the ubiquitous distribution of CatD (Benes
et al.,, 2008). When the obtained amplicons were submitted to
sequencing, BLAST searches retrieved cathepsin D from Triatoma

infestans (a related triatomine species) and D. maxima, thus confirming
the identity of amplified products (Supplementary Table S2). The data
presented in Supplementary Table S2 summarized the results for iden-
tification of PCR products in hemocytes and midgut. Data on the related
fat body amplicons, assessed previously by Leyria et al. (2015) were not
included. Balczun et al. (2012) described two CatD genes in T. infestans
and Pimentel et al. (2017) reported 10 CatD genes in the hemipteran
Dysdercus peruvianus. However, we were able to amplify only one
DmCatD gene, similar to what was reported in other insect species (Gui
et al., 2006; Kang et al., 2017). Balczun et al. (2012) observed in
T. infestans that CatD genes were expressed in the anterior and posterior
midgut but not in the rectum, salivary glands, Malpighian tubules and
hemocytes of nymphs. However, as shown in Fig. 1A, hemocytes of
D. maxima nymphs expressed the DmCatD transcript. Such a result could
be explained either by interspecific differences or by the different
technical protocols employed.

When DmCatD was analysed by Western blot (Fig. 1B), an immu-
noreactive band compatible with the active form of DmCatD (~25 kDa)
was visualized in the fat body and in the anterior and posterior midguts.
Taking into account that both midgut divisions showed a similar high
expression of DmCatD (Fig. 1B) and considering that in triatomines,
cathepsins have been involved with the digestion mainly in the posterior
midgut, it was rather unexpected to find such a high expression of the
DmCatD in the anterior midgut of D. maxima (Balczun et al., 2012). In
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the context of the physiology of digestive system, future approaches are
necessary to evaluate this issue. It is important to highlight that, even
though DmCatD transcriptional expression was significantly higher in
the anterior midgut compared to that of the posterior midgut, no dif-
ference at the level of protein expression was observed (Fig. 1). On the
other hand, only one band of about 43 kDa compatible with the pro-
enzyme, pro-DmCatD, was present in hemocytes and hemocyte-free
hemolymph (Fig. 1B). In line with this finding, fed adult females of
D. maxima showed a hemolymph profile in which only pro-DmCatD was
detected (Leyria et al., 2015).

E
H
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Fig. 3. DmCatD distribution in the posterior midgut
and DmCatD immunofluorescence profile in the pos-
terior midgut, fat body and hemocytes of D. maxima
nymphs. Cryostat sections were incubated with the
anti-cathepsin D antibody, the Alexa Fluor 568-conju-
gated secondary antibody and DAPI to stain the
nuclei. (A and C) show the nuclei of different poste-
rior midgut sections while (B and D) are the corre-
sponding fluorescent patterns of DmCatD. (E and G)
display the nuclei from fat body sections and hemo-
cyte preparations, respectively, while (F and H) are
the respective DmCatD fluorescent profiles. Insets
show the corresponding DIC images. H, hemolymph;
L, lumen; E, epithelium. Bars: 100 pm for A-B, 20 pm
for C-F and 15 pm for G-H.

100 pm

3.2. DmCatD in tissues of D. maxima

Indirect immunofluorescence assays were conducted in order to
analyse the distribution of DmCatD in different tissues as well as in the
hemocytes of fifth instar nymphs. The specificity of the polyclonal
antibody employed was previously demonstrated (Leyria et al., 2015,
2018). DmCatD signal displayed an even distribution in the fat body,
anterior and posterior midguts and hemocytes (Figs. 2-3). In the case of
the midgut divisions, the fluorescence pattern for DmCatD was evi-
denced in the apical region of the anterior and posterior midgut
(Figs. 2F, 3D). DmCatD was also observed in the midgut lumen (Fig. 3B),
likely indicating that the enzyme was secreted into this compartment.
This finding is in agreement with the role of CatD in the extracellular
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Fig. 4. DmCatD activity in fifth instar nymphs of D. maxima. The anterior and
posterior midgut, the fat body, the hemocytes and the hemolymph from fed
nymphs were processed for enzyme activity assays as described in Materials and
Methods. DmCatD activity was determined using a fluorogenic substrate and
expressed as relative fluorescence units (RFU) by microgram of protein by min.
*P < 0.05 vs anterior midgut, hemocytes and hemolymph (n = 4).

digestion in the midgut lumen as already demonstrated for triatomines
and other hematophagous insects (Santiago et al., 2017). The fluores-
cence corresponding to DmCatD was detected in the cytoplasm of the fat
body cells and the hemocytes (Fig. 3G). The presence of DmCatD in the
cytoplasm of fat body cells was also observed in D. maxima adult females
(Leyria et al., 2015), where it seems to be involved in the remodeling of
the tissue in response to specific metabolic requirements. On the other
hand, the hemocytes presented a variable immunofluorescence pattern
(Fig. 3H) that could be due to the presence of different hemocyte types
fulfilling diverse functions in this insect species.

3.3. DmCatD activity in tissues and hemolymph

As shown in Fig. 4, the fat body and the posterior midgut of
D. maxima nymphs presented high levels of DmCatD activity, even
though the protein expression was similar in the anterior and posterior
midgut (Fig. 1B). The enzymatic activity was also demonstrated in he-
mocytes, hemolymph and in the anterior midgut. Leyria et al. (2015)
reported the DmCatD activity profile in females, which showed high
levels in the fat bodies and comparatively lower levels in the hemo-
lymph. Several investigations in Hemiptera described that CatD is highly
expressed in the midgut, in line with its digestive function in the midgut
lumen (Borges et al., 2006; Balczun et al., 2012; Pimentel et al., 2017).
Cathepsin D activity in the midgut of triatomines was firstly demon-
strated by Houseman and Downe (1980) in R. prolixus. In contrast to the
results of Balczun et al. (2012) in T. infestans, DmCatD activity was also
present in hemocytes, supporting the functional role of the enzyme in
these cells.

3.4. JBU effects on DmCatD

With the aim of studying the entomotoxic effect of the JBU and a
potential interference on DmCatD, fifth instar nymphs of D. maxima
were injected with PBS or with JBU at 0.125 pg/mg insect body weight,
a dose previously reported as lethal to other triatomine species (Def-
ferrari et al., 2014). The experiments carried out to monitor the survival
of insects showed no mortality in controls or JBU-injected insects along a
7-day period (results not shown). It was also observed that JBU elicited a
significant increment of DmCatD activity in the whole midgut
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homogenates (Fig. S1). Taking into account that, from a morphological
and physiological point of view the intestine of triatomines is composed
by the anterior midgut (also termed stomach) and by the small intestine,
commonly termed posterior midgut (Schaub, 2009), the effects of the
entomotoxin in the remaining approaches were analysed in the anterior
and posterior midgut divisions separately, instead of the whole midgut.
As depicted in Fig. 5A-B, the posterior midgut and the fat body of PBS-
and JBU-injected insects presented the highest DmCatD activity levels at
3 and 18 h post-injection. These profiles were similar to those observed
in non-injected insects (Fig. 4). In contrast, in the hemocytes as well as in
the anterior midgut and fat body, treatment of the nymphs with JBU did
not cause significant changes in the enzymatic activity, when compared
to that in control insects (Fig. 5A-B).

Injection of JBU into the insects’ hemocel induced a significant in-
crease in DmCatD activity in the posterior midgut at 3 h post-injection,
subsequently decreasing to basal levels at 18 h thereafter. On the other
hand, in the hemolymph of JBU-injected insects the activity of DmCatD
showed significant increase only 18 h post-injection (Fig. 5A-B). How-
ever, such effects did not correlate with increases in the DmCatD tran-
script levels in the posterior midgut as well as in the intensity of
immunoreactive bands compatible with DmCatD or pro-DmCatD in the
midgut and hemolymph, respectively (Fig. 5C-D). Moreover, the JBU
injection did not elicit modifications in the DmCatD immunofluores-
cence pattern in the posterior midgut (Fig. 6). As discussed above, the
posterior midgut has a role in digestion, thus, it is probable that the
increment in DmCatD activity upon JBU treatment might enhance the
availability of nutrients, and then rendering the insect more fitted to
withstand the toxin challenge. Taking into account that CatD has a role
in the innate immunity of insects and vertebrates (Conus and Simon,
2010; Saikhedkar et al., 2015), the increase in DmCatD activity in the
midgut and hemolymph could be part of the insect’s immune response to
the JBU.

Since there are reports describing the involvement of CatD in cell
death (Gui et al., 2006; Aguirre et al., 2013; Zhang et al., 2018), we
wonder if the increase in DmCatD activity induced by JBU in the pos-
terior midgut could be linked to autophagy and/or apoptosis. Immu-
nofluoresence patterns against markers of these mechanisms of cell
death revealed no differences in the posterior midgut of JBU and PBS-
injected insects (results not shown). Thus, in our experimental condi-
tions, it seems unlikely that the activation of DmCatD by JBU could be
associated with autophagy and apoptosis.

The change on DmCatD activity elicited by the injection of JBU was
reproduced in vitro by incubating the entomotoxin with the posterior
midgut homogenates but not with hemocyte-free hemolymph. In this
sense, 100 nM JBU significantly increased the DmCatD activity in the
posterior midgut (Fig. 7), suggesting a direct effect of the entomotoxin
on the enzyme. Contrarily, incubations with either 1 or 100 nM JBU, did
not significantly modify the enzyme activity in the hemolymph (Fig. 7),
strongly suggesting a tissue-specific effect of JBU. When midgut ho-
mogenates and hemocyte-free hemolymph were combined to explore
the presence of CatD inhibitor(s) that would explain the lack of JBU
effect on DmCatD activity in the hemolymph, no decrease in such
enzymatic activity was found (results not shown). It is worth mentioning
that for these assays, the activity of DmCatD was induced by the incu-
bation of the homogenates containing the enzyme in an acidic medium,
allowing the autocatalytic activation of the pro-enzyme to form the
mature DmCatD, which carried out the cleavage of the synthetic fluo-
rogenic substrate (Leyria et al., 2015; Stoka et al., 2016). Thus, the
tissue-specific in vitro effect elicited by JBU on the enzyme activity could
be related to the status of the enzyme (Fig. 7), since the active form of
DmCatD was mainly expressed in the posterior midgut whereas only
pro-DmCatD was detected in the hemolymph (Fig. 1). The fact that JBU
induces an increase in DmCatD activity without altering its expression or
transcript levels suggests that the toxin interacts with the enzyme or
other proteins, leading to a conformational change in DmCatD rendering
it more active. However, in our experimental conditions, when a gel
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Fig. 5. Effect of Jack Bean Urease (JBU) treatment on DmCatD activity in fifth instar nymphs of D. maxima. Insects were injected with PBS (controls) or with JBU
(0.125 pg/mg of body weight) and at 3 (A) and 18 h (B) after injection, different tissues and cells were collected, homogenized and processed as described in
Materials and Methods. DmCatD activity was determined using a fluorogenic substrate and expressed as relative fluorescence units (RFU) by microgram of protein by
min. *P < 0.05 vs control (n = 6). Samples obtained at 3 h after injection from posterior midgut (A) and at 18 h from hemolymph (B) were processed for qPCR and
Western blot, as depicted in the figure.

Fig. 6. Effect of Jack Bean Urease (JBU) treatment
A B on DmCatD distribution on posterior midgut of
D. maxima. Insects were injected with PBS (A-B,
controls) or with JBU (C-D, 0.125 pg/mg of body
weight) and at 3 h after injection, the posterior
midguts were dissected processed for immunofluo-
L rescence as described in Materials and Methods.
Cryostat sections were incubated with the anti-
cathepsin D antibody, the Alexa Fluor 568-conju-
gated secondary antibody (red) and DAPI (blue). A
and C are the fluorescence nuclei images of different
sections while B and D are the corresponding fluo-
rescent profiles of DmCatD. Insets show the matching
C D

Control

DIC images. H, hemolymph; L, lumen; E, epithelium.
Bars: 20 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

JBU

20 um
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Fig. 7. In vitro effect of Jack Bean Urease (JBU) on DmCatD activity in the
posterior midgut and hemolymph of D. maxima. Posterior midgut homogenates
(A) and hemocyte-free hemolymph (B) were incubated for 1 h at room tem-
perature with the indicated JBU concentrations or buffer for the controls.
DmCatD activity was determined using the fluorogenic substrate and expressed
as % of enzymatic activity, taking the control as 100%. *P < 0.05 vs. control (n
=4).

shift assay followed by Western blot was carried out after in vitro incu-
bation of JBU with either the posterior midgut homogenates or hemo-
lymph, no changes in the aggregation states of the native JBU were
observed, supporting thus the absence of such interactions (Fig. S2).

It was previously demonstrated that JBU as well as Jaburetox, which
is a recombinant JBU-derived peptide (Mulinari et al., 2007), affected
the activity of several enzymes in a tissue-specific fashion. Thus,
Jaburetox elicited changes in the activity of nitric oxide synthase (NOS)
and UDP-N-acetylglucosamine pyrophosphorylase (UAP) in the central
nervous system, salivary glands and hemocytes of R. prolixus (Fruttero
et al., 2017; Moyetta et al., 2017). Moreover, JBU altered the enzyme
activity of UAP in the salivary glands and in the fat body of R. prolixus
(Krug, 2016). It also modulated the activity of acetyl cholinesterase, a
target of several insecticides, in the whole head and in the central ner-
vous tissue of N. cinerea (Carrazoni et al., 2016; Perin, 2018).
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4. Conclusions

This work is a novel report of DmCatD expression in nymphs of the
triatomine D. maxima and provides the first evidence that cathepsin D is
a molecular target of JBU, the main urease isoform. We showed that the
injection of a non-lethal dose of JBU induced an early increase in
DmCatD activity in the posterior midgut and later on, in the hemo-
lymph. In this sense, DmCatD activation in the midgut could be relevant
in maximizing blood protein digestion to promote higher availability of
nutrients to withstand the JBU toxic effect. In addition, the changes in
CatD activity detected in the midgut and the hemolymph have to be
interpreted in the context of insect immunity, since the enzyme not only
displays a well-known role in the insect immune response (Borges et al.,
2006; Saikhedkar et al., 2015) but also, in terms of the immune response
elicited by JBU which might mimic a pathogenic infection (Defferrari
et al., 2014; Fruttero et al., 2016).

Interestingly, DmCatD in vivo activation was not mediated by
increased mRNA levels and protein expression but it was triggered in
vitro in midgut homogenates, suggesting a direct effect of the toxin upon
the enzyme. However, the experimental approach employed does not
support such a possibility. The fact that DmCatD is found on its active
form in the midgut and as pro-enzyme in the hemolymph could explain
their different patterns of in vitro activation. In summary, our finding
bring additional knowledge of the JBU action mechanism and add
another level of complexity to their repertoire of toxic effects.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cbpb.2020.110511.
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