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ABSTRACT

In Lutzomyia longipalpis females, which are the main vectors of Leishmania infantum in the Americas, hemato-
phagy is crucial for ovary development. The control of pH in the midgut during blood digestion is important to
the functioning of the digestive enzymes, which release amino acids in the luminal compartment that are then
transported through the enterocytes to the hemolymph for delivery to the ovary and other organs. In the present
work, we investigated transport systems known as LuloPATs that are present in the midgut of L. longipalpis but
not in other organs. These transporters achieve symport of amino acids with H* ions, and one of them
(LuloPAT1) is orthologous to a transporter described in Aedes aegypti. According to our results, the transcription
levels of LuloPAT1 increased significantly immediately after a blood meal. Based on the variation of the
fluorescence of fluorescein with the pH of the medium, we developed a technique that shows the acidification of
the cytoplasm of gut cells when amino acids are cotransported with H* from the lumen into the enterocytes. In
our experiments, the midguts of the sandflies were dissected and opened longitudinally so that added amino
acids could enter the enterocytes via the lumen (PAT carriers are apical). LuloPAT1 transporters are part of a
complex of mechanisms that act synergistically to promote gut alkalinization as soon as blood intake by the
vector occurs. In dissected but not longitudinally opened midguts, added amino acids could only enter through
the basolateral region of enterocytes. However, alkalinization of the lumen was observed because the entry of
some amino acids into the cytoplasm of enterocytes triggers a luminal alkalinization mechanism independent of
LuloPATs. These findings provide new perspectives that will enable the characterization of the set of signaling
pathways involved in pH regulation within the L. longipalpis midgut.

1. Introduction

of digestive enzymes, there are fine mechanisms that regulate the
concentration of H* in the midgut lumen (Gontijo et al., 1998; Santos,

Phlebotomines are Diptera of the family Psychodidae (subfamily
Phlebotominae) that are important in public health because they are
vectors of different species of Leishmania. Lutzomyia longipalpis is the
main vector of these protozoans in the Americas and is currently the
most-studied phlebotomine species. Both males and females feed on
carbohydrate solutions that they obtain by ingesting sap, nectar or even
the honeydew secreted by aphids. However, females are also hemato-
phagous because they need to ingest blood for ovarian development
(Killick-Kendrick et al., 1977; Dillon and Lane, 1993; Dillon and El-
Kordy, 1997).

Sugars as well as blood need to be digested by enzymes in the
midgut. Since pH is one of the main factors that influences the function

2008). In females fed only with sugar, the pH of the midgut (thoracic
and abdominal parts) is actively maintained at 6.0, which is ideal for
the functioning of the enzymes responsible for sugar digestion. When
females ingest a buffered alkaline solution, V-ATPases inserted in the
apical region of the enterocytes are activated to reacidify the midgut to
pH 6 (Santos et al., 2011). Sucrose, the principal sugar ingested, is di-
gested by the enzyme a-glucosidase during a process that takes place
mainly in the thoracic midgut, where this enzyme is bound to the mi-
crovilli of the enterocytes (Gontijo et al., 1998; Santos, 2008).

When females ingest blood, it goes straight to the abdominal
midgut. The perception of proteins and amino acids inside the lumen
causes endocrine cells scattered throughout the midgut to release
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alkalinizing hormones (Santos et al., 2011). These hormones act on
receptors present in the basolateral region of the enterocytes, turning
off the mechanism responsible for maintaining an acidic pH and turning
on the alkalinization of the abdominal midgut (Santos et al., 2011),
which is crucial for proper blood digestion. The thoracic midgut re-
mains acidic and permits the normal functioning of a-glycosidase for
sucrose digestion (Santos, 2008).

Two independent mechanisms have been described as being re-
sponsible for the alkalinization of the abdominal midgut: the release of
the CO, transported by the ingested blood (Santos, 2008) and the
transport of different ions through the plasmatic membrane of the en-
terocytes. The first mechanism is similar to respiratory alkalosis, and
the latter seems to be related to the transport of bicarbonate ions from
the enterocytes to the lumen since it is inhibited by the presence of
acetazolamide, an inhibitor of the enzyme carbonic anhydrase (Santos,
2008). Together, these mechanisms induce the pH to increase to close
to 8.15 (Santos, 2008; Santos et al., 2011). As digestion proceeds, the
pH inside the abdominal midgut becomes progressively less alkaline,
and at the end of the process, it returns to pH 6. This pattern of pH
control in the midgut may be common to all hematophagous insects
classified in suborder Nematocera. A similar mechanism is observed in
the mosquito Aedes aegypti (Nepomuceno et al., 2017).

These events take on greater relevance considering that L. longipalpis
is the main vector of Leishmania infantum in the Americas, and the gut
pH plays a key role in the development of this protozoan during and
after the digestion of blood in the gut lumen (Molyneux et al., 1975;
Bates and Tetley, 1993; Gontijo et al. 1998). In addition, one or more
unidentified low-molecular-weight substances produced by L. infantum
may interfere with the mechanisms of pH regulation to favor its de-
velopment (Santos et al., 2014).

Among insects with similar feeding behavior, blood digestion pro-
vides a large amount of amino acids. These amino acids are transported
into the midgut cells and then to the hemolymph, through which they
are distributed among the organs of the insect and are used in several
vital processes, especially in vitellogenesis (Clements, 1992; Evans
et al., 2009; Hansen et al., 2011). Considering that amino acids cannot
cross lipid membranes, there is a demand for efficient transporters to
pass amino acids through the cell membranes and intracellular com-
partments (Taylor, 2014).

Based on sequence homology, amino acid transporters are organized
into six major families included in the solute carrier superfamily (SLC):
SLC1, SLC6, SLC7, SLC36, SLC38, and SLC43. These transporters can be
classified according to their substrate selectivity and ionic dependence
(Foltz et al., 2004). It is important to consider that one cell type might
express various transporters with overlapping specificities and that
different transport systems can function simultaneously (Wolfersberger,
2000; Taylor, 2014). Amino acid transporters usually function coupled
to the transport of ions such as Na*, H", K* and even Cl~. Transport
systems in which an ion is transported accompanying a transported
amino acid are referred to as symporters. When the ion is transported in
the reverse direction, the system is referred to as an antiporter. In
uniport systems, no ion is coupled with amino acid transport. In this
case, amino acids are translocated only in response to a concentration
gradient (Fredriksson et al., 2008; Fan and Goberdhan, 2018).

The characteristics of some transporters and their importance for
insect homeostasis have been studied in mosquitoes. For example,
AaCAT1 from A. aegypti is highly specific for L-histidine and is related
to the development of eggs (Hansen et al., 2011). AaSlif from A. aegypti
exhibits a dual affinity for neutral and cationic amino acids and is up-
regulated after a blood meal, which is crucial for the activation of the
TOR signaling pathway (Boudko et al., 2015). AgNAT8 from Anopheles
gambiae larvae displays a narrow substrate preference for essential
aromatic amino groups, mediating the absorption of phenol-branched
substrates (Meleshkevitch et al., 2006). The PAT amino acid transpor-
ters, classified in the SLC 36 family, function as symport systems de-
pending on H*; consequently, the operation of these carriers leads to
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pronounced intracellular acidification (Boll et al., 2004). AaePAT1,
which was identified in the apical membrane of the midgut of A. aegypti
and presents increased expression after a blood meal, shows low sub-
strate affinity and specificity and is more active in acidic environments
(Evans et al., 2009).

Since PAT transporters can remove H* ions from the lumen of the
midgut, we hypothesize that they might be involved in the alkaliniza-
tion process observed in the abdominal midgut following a blood meal.
Therefore, the objective of this study was to investigate the involvement
of PAT transporters in the mechanism of midgut alkalinization during
blood digestion in L. longipalpis females.

2. Materials and methods
2.1. Insects and gut dissection procedures

All experiments were performed with 3- to 6-day-old L. longipalpis
females. Sand flies were maintained according to Modi and Tesh
(1983). Adult specimens were kept in nylon cages at 25°C under
70 *+ 10% humidity and were fed with 30% sucrose. When required,
females were allowed to feed on the blood of hamsters (Mesocricetus
auratus) anaesthetized with Thiopental® (0.2 mL of 5% Thiopentax per
100 g). All procedures were developed under approval by the Ethics
Committee on Animal Experimentation (CEUA-UFMG), protocol
number: 141/2018.

L. longipalpis guts were dissected avoiding cell damage. The in-
tegument bristles were removed by stirring the insects in saline con-
taining a drop of detergent. Thereafter, the specimens were im-
mediately transferred to ice-cold saline. For dissection, each insect was
transferred to a drop of saline on a microscope slide, and its head was
sectioned with a stylet. Holding the thoracic region with a stylet, the
terminal portion of the abdomen was pulled back using another stylet,
and the gut was removed from the insect's body intact. The Malpighian
tubules as well as part of the posterior gut were cut with stylets
avoiding tissue damage. We spent about two minutes with this proce-
dure. The thoracic midgut and the posterior gut are very narrow
structures in phlebotomine sandflies (Santos, 2008). The guts were cut
in very narrow regions of the digestive tract (in the thoracic midgut and
posterior gut) so that the lumen of the abdominal midgut was well
insulated, preventing insect saline (IS — 119.70mmol L~' NaCl,
2.68 mmol L™! KCl, 1.36 mmol L~! CaCl,, 0.56 mmol L~* glucose)
entrainment through these openings.

Depending on the experiment to be performed, the gut was either
opened longitudinally or left unopened. This procedure was performed
using two stylets.

2.2. RNA extraction and cDNA synthesis

L. longipalpis females were dissected to isolate the midgut and the
carcass (the rest of the body without the midgut). The midguts were
obtained from females subjected to different nutritional conditions:
non-blood-fed, 0-3h after blood feeding, and 20-24h after blood
feeding. In all groups, the insects were fed 30% sucrose.

After midgut isolation, RNA extraction was performed from pools of
20 midguts with the Nucleospin RNA Kit (Macherey-Nagel©), whereas
RNA from the insect carcass was extracted with TRIzol® according to
the manufacturer’s instructions. The RNA was treated with DNase, re-
covered in 20 pL Milli-Q nuclease-free water and quantified at 260 nm
in a Nanodrop Lite® (Thermo Scientific); extracted RNA purity was
assessed by the 260 nm/280 nm absorbance ratio.

cDNA synthesis was performed with 0.5pug of RNA, 0.5ug of
random hexamers (Promega®) and an M—MLV reverse transcriptase
system (Promega®) in a final volume of 25 pL. The cDNA produced was
used for both PCR and qPCR.
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2.3. Identification of L. Longipalpis PAT1 — LLOJ004373 and their
orthologous

An expressed sequence encoding LLOJ004373 was identified in the
Vector Base database (https://www.vectorbase.org/blast) using the A.
aegypti AaePAT1 (GenBank: ACS96436.1) protein as a template. The
obtained sequences were analyzed with Clustal Omega (www.e-
bi.ac.uk/Tools/msa/clustalo/) and the Transporter Classification
Database (TCDB; www.tcdb.org). Primers (for LuloPAT1) were de-
signed with Primer3 software (http://primer3.sourceforge.net/): gly-
ceraldehyde-3-phosphate  dehydrogenase (GAPDH) forward, 5’-
cccttcatcggtetggacta-3’, and reverse, 5- ttcggagaagacagtgatgg-3’ (150
base pairs); LLOJ004373 forward, 5’-cggcatttgtgattgaattg-3’, and re-
verse, 5’-tttcatttgttcgtggttgga-3’ (120 base pairs).

Using the neighbor-joining method (Saitou and Nei, 1987), an
evolutionary tree was constructed to analyze the relationship between
the AaePAT1 sequence and the transporter sequences from L. longipalpis
belonging to the SLC36 family. The Zuckerkandl and Pauling method
was used to compute evolutionary distances (Zuckerkandl and Pauling,
1965). All analyses were conducted with the software MEGA X (Kumar
et al., 2018).

2.4. PCR

Reactions were performed in a Veriti® thermal cycler (Thermo
Fisher Scientific), with an initial denaturing step at 94 °C for 5 min,
followed by 35 cycles consisting of a denaturing step at 94 °C for 45s,
an annealing step at 60 °C for 45s and an extension step at 72 °C for
45, with a final extension step at 72 °C for 7 min. Each reaction was
performed with 1 pL of cDNA (10 ng), 200 nmol L.~ ! of specific primers,
200 umol L™! of dNTPs and 1 U of Taq DNA polymerase in a final
volume of 20 pL. For each pair of primers, a negative control was in-
cluded, in which the cDNA was replaced by Milli-Q. The PCR products
were analyzed by 2% agarose gel electrophoresis, stained with GelRed™
(Biotium) and visualized under ultraviolet light.

2.5. Quantitative real-time polymerase chain reaction (qPCR)

qPCR was performed using the StepOne Plus real-time quantitative
PCR system (Applied Biosystems®). Each reaction was run in triplicate
and contained 10 ng of cDNA, 300 nmoL ™! of each specific primer and
5 uL of Power Sybr Green PCR Master Mix (Applied Biosystems®) in a
10 uL final volume. A reverse transcriptase negative control and a no
cDNA negative control were included for each primer set to confirm the
absence of genomic DNA and contamination in the reactions. GAPDH
was used as a reference gene (GenBank: ABV60323.1), and the relative
amount of the target transcript in each sample was determined by ap-
plying the 272" method (Livak and Schmittgen, 2001).

a b
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2.6. Fluorescence emission by fluorescein at different pH levels

Fluorescein is a dye whose fluorescence emission changes according
to the pH of the medium and presents the advantage of not being
photosensitive (Martin and Lindqvist, 1975). As a consequence of its
relative hydrophobicity, it can cross lipid membranes and penetrate the
enterocytes cytoplasm as well as the gut lumen. Before using fluorescein
to evaluate the pH in our experiments, we investigated whether the
fluorescence intensity was directly proportional to the pH of the
medium.

Buffered solutions were prepared at different pH levels: for the pH
5.0, 5.5, 6.0 and 6.5 solutions, 10 mmol L ™! MES was used (pKa = 6.1),
and for the pH 7.0, 7.5 and 8.0 solutions, 10 mmol L.~ HEPES was used
(pKa = 7.48). With each buffer, a 200 pmol L~! fluorescein (Sigma -
F3677) solution was prepared. Each buffered fluorescein solution was
then added to the wells of an ELISA plate, and fluorescence was eval-
uated under an epifluorescence microscope (Leica DM500) coupled to a
digital camera. Images were captured using a green light filter (ex-
citation: 450-480 nm; emission: 520 nm) and posteriorly analyzed with
ImageJ software (https://imagej.nih.gov/ij/) to provide the relative
fluorescence intensity for each pH level. The procedure was performed
in triplicate for each fluorescein solution.

2.7. Evaluation of pH changes in the midgut by fluorescein

Fluorescein is an amphoteric molecule that is slightly soluble in
water, and its relative hydrophobicity allows fluorescein molecules to
cross lipid membranes. Dissected midguts exposed to fluorescein absorb
the dye, which changes its fluorescence intensity depending on the pH
of the medium.

When the LuloPAT system functions coupled to proton symporters,
the uptake of amino acids promotes the acidification of enterocytes.
Thus, amino acid uptake by PAT carriers can be visualized by changes
in pH.

Females that were 3-6 days old were dissected in insect saline (IS —
119.70mmol L' NaCl, 2.68 mmol L™' KCl, 1.36 mmol L~ CaCl,,
0.56 mmol L~ ! glucose), and once the midgut was removed, it was
opened via a longitudinal cut so that the luminal surface was exposed.
Each midgut was incubated at room temperature in 200 ymol L™1
fluorescein dissolved in buffered IS (IS buffered with 10 mmol L™}
HEPES, pH 7.0) for 10 min and then washed in IS to remove the dye
that had not penetrated the enterocytes.

The midguts dyed with fluorescein were transferred to an acrylic
slide containing a double chamber (Fig. 1a, b). Each chamber was
previously filled with 15 puL of 2% agarose gel prepared in IS. These
slides were produced to enable the evaluation of two midguts at the
same time under an epifluorescence microscope (Leica DM500 - ex-
citation: 450-480 nm; emission: 520 nm) coupled to a digital camera.
Subsequently, 1.5uL of buffered IS containing diluted amino acids

Fig. 1. a, b Evaluation of pH changes in the midguts
of Lutzomyia longipalpis females: (a) Modified mi-
croscopy slide used to simultaneously evaluate
fluorescence emission from midguts subjected to
different treatments. (b) An opened and washed
midgut from a L. longipalpis female observed under
an epifluorescence microscope after fluorescein
staining and before amino acid addition.
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(MEM amino acids stock solution — Sigma M5550) was added above one
of the midguts (final concentration 5.0 mmol L™!, 7.5mmol L™ or
10 mmol L™1). The control midgut received the same volume of IS but
without amino acids.

The composition of the MEM amino acid stock solution was as fol-
lows: 29.928mmol L~! arginine, 5.160mmol L~' cysteine,
9.632mmol L~ histidine, 19.952 mmol L~ isoleucine, 19.952 mmol
L~ ! leucine, 19.952 mmol L~} lysine, 5.160 mmol L™ ! methionine,
9.976mmol L~' phenylalanine, 19.952mmol L~! threonine,
2.408 mmol L~! tryptophan, 9.976mmol L~' tyrosine and
19.952 mmol L~! valine. The total amino acid concentration in the
stock solution was 172 mmol L™,

The fluorescence emitted by both midguts was recorded for 2 min,
and the effects of the different treatments were evaluated by comparing
the emitted fluorescence. The videos were defragmented into images
and analyzed with ImageJ software. Statistical analysis was performed
by counting the number of fluorescent pixels in each midgut before
treatment and at 2 min posttreatment.

Applying the same procedure, we also evaluated unopened midguts,
in which fluorescein was present both in the lumen and in the en-
terocyte cytoplasm. In this case, lumen alkalinization was observed
when it occurred. Importantly, in the closed gut, amino acids could only
enter the enterocytes through the basolateral region of the enterocytes
and not through the apical region where PAT carriers are located.

We also investigated the effect of individual amino acids on opened
and closed guts. To investigate the effect of individual amino acids,
buffered IS solutions (pH 7) were prepared with 10 mmol L™! lysine,
arginine, serine or leucine, and the experiments were performed as
explained.

To investigate whether the guts were damaged, we repeated this
experiment using buffered IS at pH 6 containing arginine (IS buffered
with 10 mmol L™ MES, pH 6.0). Damage to the guts would allow the
acid solution to enter and acidify the lumen. If there were no holes in
the gut, we would expect the lumen to become alkaline (in the cyto-
plasm, arginine triggers the PAT-independent alkalinization mechanism
described in the Introduction section).

2.8. Statistical analysis

Data were analyzed using Graph Pad Prism 7.0 (San Diego, CA,
USA). The Kolmogorov-Smirnov test was applied to evaluate the nor-
mality of the data. Data were analyzed with Student’s t-test or the
Kruskal-Wallis test, followed by Dunn’s posttest (for nonnormal dis-
tribution). The results were considered significant when p < 0.05.

3. Results
3.1. The LuloPATI symporter is expressed in the L. Longipalpis midgut

Based on the AaePAT1 sequence of A. aegypti, it was possible to
identify six related sequences from L. longipalpis (Fig. 2). Comparison
between the proteins from L. longipalpis and the AaePAT1 transporter
showed that the L. longipalpis orthologous sequence belonged to the
LLOJ004373-RA gene, which will be referred to as LuloPAT1 (Fig. 2).
The LuloPAT1 transporter exhibits 70.4% identity to the AaePAT1
carrier (Figure Supplementary S1). This gene encodes a proton-coupled
amino acid transporter from the SLC36 family.

AaePAT1, LuloPAT1 (LLJ004373), LLJ008316 and LLJ001092 have
very similar signatures. The transmembrane, cytoplasmic and extra-
cellular sequences are in good agreement according to prediction per-
formed by the TMHMM server (http://www.cbs.dtu.dk/services/
TMHMM-2.0/). These sequences include 447-485 amino acids with
potential glycosylation signals predicted in a region near the amino
terminal sequence predicted by the NetOGlyc 4.0 server (http://www.
cbs.dtu.dk/services/NetOGlyc/).  The other three sequences
(LLJO07545, LLJ002457 and LLJ006275) present a different signature,
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Fig. 2. Phylogeny of LuloPAT carriers. Phylogenetic analysis of proteins related
to amino acid carriers of the SLC36 family. Based on the AaePAT1 sequence of
A. aegypti, it was possible to identify six related sequences from L. longipalpis.

Carcass Midgut

E ! .
200 bp

LuloPAT1
100 bp

Fig. 3. LuloPAT1 expression evaluated in the midguts and in carcasses (the rest
of the body without the midgut) of L. longipalpis females. LuloPAT1 is expressed
only in the midgut of L. longipalpis females and not in the carcass. GAPDH was
used as a reference gene (MW = molecular weight marker, bp = base pairs).

200 bp

100 bp

although they share at least 42.6% identity.
The LuloPAT1 gene was only expressed in the midgut of L. long-
ipalpis females and not in the rest of the insect’s body (carcass) (Fig. 3).

3.2. LuloPAT1 expression is modulated by the nutritional status of L.
Longipalpis females

Quantitative analysis by qPCR demonstrated that the expression
pattern of the transporter changed according to the nutritional condi-
tion of the insects. In the first 3h after a blood meal, the expression
level of LuloPAT1 was at least 10-fold higher in comparison with its
expression in non-blood-fed females. Between 20 and 24 h after blood
feeding, the level of gene expression had decreased by approximately
50% (Fig. 4).
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Dunn’s posttest. (ABI - after blood ingestion).

3.3. The addition of MEM amino acids to opened midguts leads to
intracellular acidification

As shown in Fig. 5, fluorescence emission by fluorescein varies
linearly according to the pH of the medium. The lower the pH, the
lower the fluorescence emitted.

To observe pH changes in the enterocytes treated with the amino
acids present in MEM solution, midguts were immersed in a fluorescein
solution until the enterocytes had absorbed the dye. After washing
away the unabsorbed fluorescein molecules, the midguts were exposed
to different concentrations of amino acids. Comparison of the fluores-
cence intensity emitted before and two minutes after the addition of
amino acids revealed H" influx into enterocytes. The decrease in
fluorescence (acidification of the cytoplasm) was dependent of amino
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acids concentration (Fig. 6a, b and c). As expected, the control midguts
treated only with IS did not undergo cytoplasmic acidification.

As a supplement, we provide a video in which it is possible to ob-
serve the decay of fluorescence in the midguts that received the amino
acid solution (Supplementary Movie).

3.4. The addition of MEM amino acids to unopened midguts leads to
luminal alkalinization

Contrary to the results described above, we observed that in uno-
pened midguts (in which the dye was present inside the enterocytes
and, at the same time, in the midgut lumen), the addition of the MEM
amino acid solution at 10mmol L™ led to a significant increase in
fluorescence emission (Fig. 7), which was interpreted as the alkalini-
zation of the midgut lumen. However, at 5.0 mmol L™! and 7.5 mmol
L~ ! concentrations, there was no significant difference between the test
and control groups (data not shown).

3.5. The addition of individual amino acids to opened midguts leads to
intracellular acidification or has no influence on the cytoplasmic pH

Another experiment was performed using individual amino acids
(serine, leucine, lysine or arginine) dissolved in buffered IS solutions at
pH 7. In opened guts, 10 mmol L™ ! serine and leucine promoted cy-
toplasmic acidification, indicating that PAT carriers can transport these
amino acids (Fig. 8a, b).

On the other hand, lysine or arginine did not promote cytoplasmic
acidification, indicating that carriers other than PATs are involved in
transport (Fig. 8c, d).

3.6. The addition of lysine or arginine to unopened guts promotes lumen
alkalinization, while serine and leucine have no influence on the luminal pH

In unopened guts, all four amino acids could only enter the en-
terocytes via basolateral carriers, and these carriers were not PATSs
(PATs are typically apical proteins).

As observed in Fig. 9a—-d, lysine and arginine promoted luminal
alkalinization, while serine and leucine were unable to do so. It signifies
that lysine and arginine act on the cytoplasm of the enterocytes trig-
gering a PAT-independent alkalinization mechanism while serine or
leucine mediates a PAT-dependent mechanism but are “not perceived”
in the cytoplasm.

Fig. 5. Relation between fluorescence emission by
fluorescein and the pH of the medium. A set of
buffered solutions containing the same concentra-
tion of fluorescein with different pH levels were
[ exposed inside the wells of an ELISA plate under an
epifluorescence microscope (excitation:
450-480 nm; emission: 520nm). Each well was
photographed, and the intensity of the fluorescence
was evaluated by counting the fluorescent pixels
with ImageJ software.

y =591915x - 2E+06
R*=0,9762
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Fig. 7. Fluorescence intensity observed in unopened L. longipalpis midguts in
response to treatment with the MEM amino acid solution. The MEM amino acid
solution was diluted in 10 mmol L~ ' HEPES-buffered IS, pH 7. The data cor-
respond to the percentage of fluorescence emission two minutes after the
treatments were performed (n = 10). The control group received insect saline
without amino acids. The data were expressed as the mean *+ standard de-
viation. *, p < 0.05; **, p < 0.01, unpaired Student’s t-test.

When the same experiment was performed with arginine at pH 6,
the lumen of the unopened gut exhibited alkalinization despite the
acidic external environment (Fig. 10), indicating that the guts were not
damaged. Damaged guts would allow the acidic solution to enter,
promoting lumen acidification.

4. Discussion

L. longipalpis females as well as females of other hematophagous
insects belonging to the former suborder Nematocera (including phle-
botomines, mosquitoes, midges, black flies and insects from the family
Corethrellidae) feed on both sugars and vertebrate blood. Blood meals
(due to their particular high protein content Figure Supplementary S1)
are crucial for the maturation of the female reproductive system in most
of these species (Dillon and Lane, 1993; Dillon and El-Kordy, 1997;
Soares and Turco, 2003; Hansen et al., 2004). The digestion of these
different nutrients requires strict control of the midgut environment,
and the efficient regulation of gut pH is one of the main factors in-
volved. In this work, we describe a new facet of the mechanisms in-
volved in this tightly controlled process.

In 2009, Evans et al. cloned and expressed the A. aegypti AaePAT1
transporter in Xenopus oocytes to characterize its function using
radioactively labeled amino acids. When transporting amino acids,
AaePAT1 promoted the movement of charges through the membrane.

This electrogenic transport could be attributed to the simultaneous
movement of H* ions and amino acids when the carrier was active;
however, the authors did not directly observe the acidification of the
oocyte cytoplasm.

The SLC36 family, to which AaePAT1 and its orthologue LuloPAT1
belong, is a family of well-characterized proton-coupled carriers (Boll
et al., 2004; Abbot et al., 2006). In addition to AaePAT1, LuloPAT1
appears to be an amino acid transport system coupled to the symport of
protons (Fig. 2).

LuloPAT1 is expressed only in the midgut of L. longipalpis and, si-
milar to its orthologue AaePAT1, its expression profile is modulated by
the ingestion of blood. The levels of gene transcripts increased rapidly
in the first hours after females consumed a blood meal, which probably
coincides with the higher amino acid availability due to blood diges-
tion. We believe that the reduction in LuloPAT1 expression verified
20-24h after blood feeding is related to a decrease in the amount of
amino acids to be transported into the midgut cells with the progression
of the digestive process (Figs. 3 and 4). Therefore, gene expression
would decrease until returning to the levels observed before blood
feeding. The expression of the other PATs was not investigated in our
study. If active in the midgut, they could participate in the PAT-de-
pendent alkalinization mechanism described here.

Our research group has investigated how L. longipalpis controls gut
pH (Gontijo et al., 1998; Santos, 2008; Santos et al., 2011). Two me-
chanisms involved in the process of alkalinization occurring during and
after blood ingestion have been described. The first involves the loss of
CO,, from ingested blood (Santos, 2008), and the other mechanism is
dependent on ionic transport (probably of bicarbonate) by the midgut
epithelium (Santos, 2008; Santos et al., 2011). This ionic transport
would be triggered by increasing the concentrations of certain amino
acids such as lysine or arginine in the cytoplasm of enterocytes. At the
same time, the perception of amino acids in the cytoplasm of en-
terocytes (probably by the TOR system) promotes the shutdown of the
mechanism responsible for the maintenance of a pH of 6 inside the
lumen, an event necessary to permit alkalinization.

In the present work, we describe a third mechanism that acts in
synergy with the other two. This mechanism contributes to the alkali-
nization of the gut lumen through the symport of amino acids/H* ions
from the gut lumen into the cytoplasm of the enterocytes. The acid-
ification of the cytoplasm of the enterocytes stimulated by the func-
tioning of one or more LuloPATs necessarily implies alkalinization of
the lumen. At least serine and leucine are involved in the PAT-depen-
dent alkalinization mechanism, but lysine and arginine are not
(Fig. 8a—d). For while, we have no information regarding the effects of
the other amino acids in the PAT-dependent or independent alkalini-
zation mechanisms.

The similarity between AaePAT1 and LuloPAT]1 is very high (70.4%
identity). Phylogenetic analysis of the sequences strongly indicated that
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Fig. 8. Fluorescence intensity observed in opened L. longipalpis midguts after the addition of insect saline containing serine, leucine, lysine or arginine. Amino acids
were individually dissolved in 10 mmol L~ HEPES-buffered IS, pH 7, and added to opened midguts containing fluorescein. a: serine; b: leucine; c: lysine or d:
arginine. The data correspond to the percentage of fluorescence emission two minutes after the treatments were performed (n = 10). The control group received
insect saline without amino acids. The data were expressed as the mean = standard deviation. *, p < 0.05; **, p < 0.01, unpaired Student’s t-test.

they are orthologous (Fig. 2) and, thus, should present the same loca-
tion and function. Similar to AaePAT1, LuloPAT1 must be located on
the luminal surface. Assuming that this location is correct, the entry of
amino acids into the enterocytes of unopened guts is expected to occur
through different carriers present in the basolateral region of the gut
epithelium. Accordingly, serine and leucine promote acidification only
in opened midguts confirming the apical location of LuloPAT1 (or other
PATs if present).

The entry of amino acids such as lysine or arginine activates alka-
linization via a LuloPAT1-independent mechanism (Fig. 9a, b). Other
noninvestigated amino acids may also be involved in this process. In-
terestingly, lysine and arginine did not enter the enterocytes via PAT
carriers because acidification of enterocytes was not observed in
opened guts (Fig. 8c, d). The cytoplasmic perception of lysine or argi-
nine is most likely performed by the TOR system if TOR is involved in
this process.

The relative contributions of the three mechanisms to alkalinization
of the abdominal midgut are unknown. Most likely, their contributions
vary during the digestive process. As reported in a previous study
(Santos, 2008), blood exposed to the air undergoes rapid alkalinization
as a consequence of CO, release. Given the nature of this mechanism,
the release of CO; is likely effective during a bite. The juxtaposition of
phlebotomine mouthpieces is not perfect and could allow the blood
being ingested to contact the atmosphere, facilitating CO, release.

In a study involving AaePAT1, Evans and colleagues (2009) ob-
tained indirect evidence of cytoplasmic acidification by showing that
the entry of amino acids into Xenopus oocytes was electrogenic. The fact
that AaePAT1 is electrogenic and belongs to the SLC36 family indicates
that the ion responsible for this characteristic is the H* ion. In the
present study, we provided direct evidence of the acidification of L.

longipalpis’ enterocytes by transporting amino acids to the cytoplasm
through the apical region in opened midguts. In another study with
Musca domestica larvae, Barroso and colleagues (2019) obtained ex-
perimental evidence of the involvement of PATs in the alkalinization of
a midgut portion. It seems that PAT carriers probably play a similar
hole in different insects.

Other amino acid transport systems are most likely present and
assist in the transport of amino acids from the lumen to the enterocytes.
Since blood is rich in Na* and K" (sodium exists at a high con-
centration in plasma and potassium inside blood cells), it is likely that a
Na* or K™ / amino acid symporter functions during the digestion of
blood. The presence of these other transporters is probably necessary
because when the luminal pH is sufficiently alkaline (approximately pH
8.15; Santos, 2008), the low availability of H* in the lumen could
decrease the efficiency of PAT carriers. Additionally, Na* and K™ ions
must be transported to the hemolymph to be excreted by the Mal-
pighian tubules. Sodium or K*/amino acid symporters are potential
candidates for this role.

The presence of efficient amino acid transporters is fundamental. It
is known in L. longipalpis and other hematophagous insects from the
suborder Nematocera that blood ingestion is important for vital events
such as vitellogenesis. In mosquitoes, blood meal-derived amino acids
are the main stimulus that activates nutrient signaling pathways that
stimulate the fat body to initiate vitellogenesis (Hansen et al., 2004;
Hansen et al., 2005; Hansen et al., 2011; Carpenter et al., 2012). In fact,
amino acid transporters can be considered to represent the initial link
between a cell (in a multicellular organism) and its environment, sen-
sing and monitoring changes in extracellular and intracellular amino
acid availability, which allows cells to efficiently adapt to changes in
nutritional status (Hundal and Taylor, 2009)
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Fig. 10. Fluorescence intensity observed in unopened L. longipalpis midguts
after the addition of insect saline at pH 6 containing arginine. Arginine was
dissolved at 10 mmol L™ ! in 10 mmol L~ MES-buffered IS, pH 6, and added to
unopened midguts containing fluorescein. The data correspond to the percen-
tage of fluorescence emission two minutes after the treatment was performed
(n = 10). The control group received 10 mmol L~ MES-buffered IS, pH 6
without amino acids. The data were expressed as the mean * standard de-
viation. *, p < 0.05; **, p < 0.01, unpaired Student’s t-test.

The use of fluorescein in the study of H* /amino acid symport was
quite simple, informative and inexpensive. It is possible that this
methodology can be adapted for the study of other systems in which
acidification or alkalinization occurs near pH 7.

5

The participation of amino acid/H* transport in the process of
midgut alkalinization is likely a common strategy between Diptera and
even other insect species.
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