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25 Abstract

26 Blood-sucking insects incorporate many times their body weight of blood in a
27  single meal. As proteins are the major component of vertebrate blood, its digestion in the
28  gut of hematophagous insects generates extremely high concentrations of free amino
29  acids. Previous reports showed that the tyrosine degradation pathway plays an essential
30 role in adapting these animals to blood feeding. Inhibiting 4-hydroxyphenylpyruvate
31 dioxygenase (HPPD), the rate-limiting step of tyrosine degradation, results in the death
32  of insects after a blood meal. Therefore, it was suggested that compounds that block the
33  catabolism of tyrosine could act selectively on blood-feeding insects. Here we have
34  evaluated the toxicity against mosquitoes of three HPPD inhibitors currently used as
35 herbicides and in human health. Among the compounds tested, nitisinone (NTBC)
36  proved to be more potent than mesotrione (MES) and isoxaflutole (IFT) in Aedes aegypti.
37 NTBC was lethal to Ae. aegypti in artificial feeding assays (LD50: 4.36 uM), as well as
38 intopical application (LD50: 0.0033 nmol/mosquito). NTBC was also lethal to Ae. aegypti
39  populations that were resistant to neurotoxic insecticides, and it was lethal to other
40 mosquito species (Anopheles and Culex). Therefore, HPPD inhibitors, particularly
41  NTBC, represent promising new drugs for mosquito control. Since they only affect blood-
42  feeding organisms, they would represent a safer and more environmentally friendly

43 alternative to conventional neurotoxic insecticides.

44
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47  Author Summary

48 The control of mosquitoes has been pursued in the last decades by the use of
49  neurotoxic insecticides to prevent the spreading of dengue, zika and malaria, among
50 other diseases. However, the selection and propagation of different mechanisms of
51 resistance hinder the success of these compounds. New methodologies are needed for
52 their control. Hematophagous arthropods, including mosquitoes, ingest quantities of
53  blood that represent many times their body weight in a single meal, releasing huge
54  amounts of amino acids during digestion. Recent studies showed that inhibition of the
55  tyrosine catabolism pathway could be a new selective target for vector control. Thus we
56 tested three different inhibitors of the second enzyme in the tyrosine degradation
57 pathway as tools for mosquito control. Results showed that Nitisinone (NTBC), an
58 inhibitor used in medicine, was the most potent of them. NTBC was lethal to Aedes
59  aegypti when it was administered together with the blood meal and when it was topically
60 applied. It also caused the death of Anopheles aquasalis and Culex quinquefasciatus
61 mosquitoes, as well as field-collected Aedes populations resistant to neurotoxic
62 insecticides, indicating that there is no cross-resistance. We discuss the possible use of

63 NTBC as a new insecticide.
64

65
66 Introduction

67 Mosquitoes are important vectors for pathogens that cause diseases such as
68 malaria, lymphatic filariasis, yellow fever, dengue, chikungunya, Zika and West Nile
69 fever. Mosquito-borne diseases are among the leading global public health menaces [1],
70 and vector control by means of insecticides is crucial for the management of these

71  diseases [2,3]. Conventional insecticides are applied in the stage of larva and adult. To
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72  reduce these immature forms in the case of Ae. aegypti, temephos (organophosphate)
73  has been used for many years, as well as mechanical control to eliminate standing water
74  [4]. For adult control, malathion (organophosphate) and pyrethroids are mainly
75 recommended by World Health Organization (WHO). In the case of Anopheles
76  mosquitoes, insecticide-treated nets (ITNs) and indoor residual spraying (IRS) are used
77  as preventive strategies [5]. The main classes of insecticides are organochlorines,
78  organophosphates, carbamates, and pyrethroids, all of them neurotoxic [6]. However,
79 their extensive use has led to the development of resistance to these insecticides [7,8],
80 representing a problem for mosquito control. This is particularly true for arbovirus
81 transmitted by Ae. aegypti, exemplified by the recent global Zika outbreak [9], making
82 the search for alternative methods for mosquito control a high priority of the global public

83  health agenda [10].

84 Female mosquitoes need to feed on blood for the maturation of their eggs. Since
85  85% of vertebrate blood dry weight is protein, its digestion generates high concentrations
86  of amino acids in the gut [11]. Although amino acids are considered essential nutrients,
87 many human genetic diseases are caused by defective degradation of amino acids,
88 leading to hyperaminoacidemias and the formation of toxic metabolites [12]. In the
89 hematophagous “kissing bug” Rhodnius prolixus, a high level of expression of enzymes
90 related to tyrosine degradation is found in the midgut [13]. Silencing of 4-
91 hydroxyphenylpyruvate dioxygenase (HPPD), the enzyme that catalyzes the second
92 (and rate-limiting) step of the tyrosine degradation pathway, led to insect death after a
93 blood meal. Chemical inhibitors of HPPD caused the death of hematophagous
94  arthropods (kissing bug, mosquitoes and ticks) but were not toxic to non-hematophagous
95 insects [14]. Therefore, the degradation of free tyrosine formed in excess during
96 digestion of a blood meal is an essential trait in the adaptation to a hematophagous way

97  of life [11]. The key role of this pathway in the evolution of blood-feeding organisms led
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98 us to identify tyrosine degradation as a potential target in the development of novel

99 alternative insecticides that would therefore be selective for these animals.

100 In plants, functional HPPD is required for the synthesis of plastoquinone and
101  tocopherol, which are essential for the plant to survive. Therefore, HPPD has been
102 identified as one of the most promising targets for the development of new herbicides,
103  and thousands of HPPD inhibitors have been synthesized [15]. HPPD inhibitors are
104 classified into three main chemical families: triketones, diketonitriles and pyrazolones
105 [16,17]. Triketones can be natural compounds such as leptospermone, or synthetic, such
106 as mesotrione (MES), nitisinone (NTBC) and many others [18]. MES is used as a
107  herbicide (Callisto®, Syngenta) [19]. NTBC, on the other hand, is approved for
108 therapeutic use in humans to treat hereditary tyrosinemia type 1 (HT-1) since 1994
109 (Orfadin®)[20] and its potential for use in patients with alkaptonuria is under investigation
110 [21,22]. In the diketonitriles group, isoxaflutole (IFT) is also used as a herbicide
111  (Balance® and Merlin®, Bayer) [23]. To test the possibility of using HPPD inhibitors as
112  selective insecticides for disease vectors, here we investigated the toxicity of three
113  inhibitors of HPPD (NTBC, MES and IFT) towards mosquitoes, especially against Ae.
114  aegypti, evaluating different doses and possible modes of application. We also tested
115  NTBC toxicity to Ae. aegypti populations resistant to pyrethroids and organophosphates,
116 as well as other species of mosquitoes, Culex quinquefasciatus and Anopheles
117  aquasalis. Our results support the use of HPPD inhibitors, particularly NTBC, as new

118 insecticides for mosquito control.

119
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123  Methods

124

125 Ethics statement

126 All experiments were conducted according to the guidelines of the institutional
127  care and use committee (Committee for Evaluation of Animal Use for Research from the
128  Federal University of Rio de Janeiro, CAUAP-UFRJ), which is based on the NIH Guide
129  for the Care and Use of Laboratory Animals (ISBN 0-309-05377-3). The protocols used

130  here were approved by CAUAP-UFRJ under registry #IBQM155/13.

131  Mosquito rearing

132 Ae. aegypti Red Eye strain were maintained in the insectary of the Federal
133  University of Rio de Janeiro (UFRJ), Brazil. The insecticide-resistant Ae. aegypti
134  populations, originally collected with ovitraps from different Brazilian cities: Santarém
135  (Para state), Nova Iguacu (Rio de Janeiro state), and Oiapoque (Amapa state), were
136  reared in the insectary at FIOCRUZ-RJ. A Rock-kdr strain (or R2R2 strain) that presents
137  point mutations in the voltage-dependent sodium channel associated with pyrethroid
138  resistance was also maintained in the FIOCRUZ-RJ insectary [24,25]. The Ae. aegypti
139  Rockefeller strain (also maintained at FIOCRUZ-RJ), which is commonly used as a
140  standard for insecticide susceptibility assays, was used here as a reference strain, in
141  order to allow better comparison with literature data [26]. RR50 (Resistance rate 50:
142 LD50 of strain or population studied/LD50 of Rockefeller strain) for deltamethrin was:
143  Santarém population = 30.4, Nova Iguacu population = 25.4, Oiapoque population =
144  143.9 [27-30]. In the case of Rock-kdr, a knockdown time assay with deltamethrin
145  revealed that the time necessary to knockdown 95% of the Rock-kdr lineage was 6.7x

146  longer than the time found for the Rockefeller susceptible strain [25].
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147 The larvae were fed with powdered cat food (Friskies®, Nestlé Purina PetCare).
148  Adult mosquitoes were kept in cages and fed with a 10% sucrose solution. All
149  mosquitoes were reared at 26°C, in 70-80% relative humidity and a photoperiod of 12h

150 light:12h dark.

151 A colony of An. aquasalis was established in 1995 using specimens collected in
152  the municipality of Guapimirim, Rio de Janeiro, and reared in the insectary of FIOCRUZ-
153  RJ. The larvae were reared on a diet of fish food (Tetra Marine Large Flakes, Tetra GmH)
154  in containers containing dechlorinated water at a concentration of 0.2 % NaCl (w/v). Adult
155  mosquitoes were provided with 10 % sucrose ad libitum under a regimen of photoperiod,

156  temperature and humidity similar to that of Ae. aegypti [31].

157 Cx. quinquefasciatus were reared at Instituto de Biologia do Exército (IBEX), Rio
158 de Janeiro. The larvae were fed cat food (Friskies®, Nestlé Purina PetCare). To
159 encourage copulation, adults were housed in a dark room, because this mosquito feeds

160 on blood at night. Temperature and humidity were similar to the other mosquitoes.

161

162  Topical application assays

163 NTBC, MES or IFT (Sigma Chemical Co.) were diluted in acetone just before
164  each experiment. After feeding on blood, mosquitoes were cold-anesthetized and placed
165 in a glass petri dish on ice. Then, a volume of 0.5 ul of the HPPD inhibitor solution was
166  topically applied with a micropipette on the abdomen of the insect. Survival was

167  evaluated every 24 h for a week. Controls received only acetone.

168

169
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171  Artificial feeding assays

172 Rabbit blood was collected with a sterile syringe containing heparin at a ratio of
173 1 pl heparin stock/ml blood (heparin stock was 5000 IU/ml). Stock solutions of HPPD
174  inhibitors in PBS (NaCl 0.15 M, Na phosphate 10 mM, pH 7.0) were diluted in PBS and
175 mixed 1:9 (v/v) with heparinized blood to obtain final concentrations used to feed
176  mosquitoes, as indicated in figure legends. Controls received PBS in blood (1:9, v/v).
177  Mosquitoes of 3-5 days post-emergence were fed in an artificial feeding apparatus where
178 food was offered through a membrane of Parafiim M®. The temperature of the blood
179 meal was maintained with a circulating water bath, adjusted at 37-38°C [32]. The
180 maximum feeding time was 30 minutes. Only fully engorged mosquitoes were used.

181  Survival was evaluated every 24 h for a week.

182

183  Survival experiments, statistical analysis

184 Mosquitoes were offered a 10% sucrose solution ad libitum and were considered
185 dead if they could no longer stand. Statistical analysis and design of graphs were
186  performed using Prism 6.0 software (GraphPad Software, San Diego, CA). At least two
187 independent experiments were performed for each experimental condition (each with its
188  respective control group). The Kaplan-Meier survival curve analysis in the Prism software
189 (the log rank test) was used to evaluate significant differences between experimental
190 and control groups. LD50 was determined using a non-linear regression to fit
191 log[inhibitor] vs. normalized response (Variable slope). Two-way analysis of variance
192  and Tukey's multiple comparisons test were carried out to compare the field populations

193  and laboratory strains with Rockefeller strain.

194
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196 Results

197 We examined three chemical inhibitors of HPPD for their effects on the survival
198  of Ae. aegypti (Red Eye strain): two of them are marketed as herbicides (MES and IFT),
199 and one is used in medicine for the treatment of tyrosinemia type | (NTBC). MES and
200 NTBC are triketones while IFT belongs to the diketonitrile family. Inhibitors from the
201 family of pyrazoles were not evaluated. The three inhibitors were administered by
202  artificial feeding and topical application. NTBC was the most potent of the three inhibitors
203 in the artificial feeding trials, presenting an LD50 (the dose that kills 50% of mosquitoes)
204  of 4.36 yM, while MES presented an LD50 of 324 yM (Fig. 1, Table 1). IFT showed no
205 lethal effects in any of the concentrations tested. Thus, NTBC was about 74 times more

206  potent than MES when it was co-administered along with the blood meal.

207

208

209  Figure 1. Ingestion of HPPD inhibitors with the blood meal decreases the survival
210 of Ae. aegypti (Red Eye strain). (A) Tyrosine catabolism pathway. TAT: tyrosine
211  aminotransferase; HPPD: 4-hydroxyphenylpyruvate dioxygenase; HgD: homogentisate
212 1, 2 dioxygenase; MAAI: maleylacetoacetate isomerase; FAH: fumarylacetoacetase. (B)
213 Survival rates of Ae. aegypti (Red Eye strain) fed with rabbit blood supplemented with
214  NTBC. PBM: Post-blood meal. Control group was fed with blood plus PBS (9:1; v/v). (C)
215  Survival rates of Ae. aegypti (Red Eye strain) fed with rabbit blood supplemented with
216  IFT (D) Dose-response curves at 72 h PBM. MES data were taken from Sterkel et al.
217  (2016). Four (panel B) and two (panel C) independent experiments were performed
218  respectively, each with n =10-36 insects per experimental group. Panels B and C are
219  plotted as Kaplan-Meier survival curves.

220

221
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222

223

224 NTBC proved to be more potent than MES and IFT also in the topical application
225  assay (Figure 2), presenting an LD50 = 0.0033 nmol/insect (1.1 ng/insect). However, in
226  contrast to the artificial feeding assay, IFT also was lethal, presenting an LD50 = 20.4
227  nmol/insect (7320 ng/insect) (Table 1). These results demonstrated that NTBC was
228  around 6182 times more potent than IFT. On the other hand, MES did not cause mortality
229 in mosquitoes when applied topically, suggesting that this compound was not able to

230 traverse the cuticle.

231

232

233  Figure 2. Topical application of HPPD inhibitors effect on survival of Ae. aegypti
234  (Red Eye strain) after a blood meal. Topical application of (A) NTBC or (B) IFT on the
235  abdomen causes mosquitoes death. (C) MES had very little effect. (D) Dose-response
236  curves recorded at 72 h PBM. Panels A, B and C are plotted as Kaplan-Meier survival
237  curves. Three (A) and two (B, C) independent experiments were performed, respectively,
238 each with n =12-35 insects per experimental group. The drugs (dissolved in 0.5 pl
239  acetone) were applied on the abdomen immediately after the blood meal (time 0 PBM).
240  Controls received only acetone (0.5 pl).

241

242  Table 1 — Toxicity of HPPD inhibitors to Ae. aegypti (Red Eye strain) using artificial
243  feeding and topical application - LD50 were calculated from data in Figures 1 and 2. Data

244  shown are mean + 95% Confidence Interval (Cl).

Inhibitor LD50 (95% Cl)

Artificial feeding Topical application

10
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(UM) (nmol/insect)
NTBC 4.36 (3.85-4.59) 0.0033 (0.0019-0.006)
IFT - 20.4 (17.70-23.43)
MES 324 (193.4-543.9) -
245
246
247 The effect of NTBC on other mosquito species was evaluated in trials of artificial

248  feeding. Cx. quinquefasciatus and An. aquasalis died when fed with blood containing
249  concentrations of NTBC similar to those that killed Ae. aegypti (Red Eye and Rockefeller
250 strains) (Fig. 3 and Table 2). These results show that NTBC can be used not only for the
251  control of Aedes populations, but also for the control of other mosquitoes that transmit

252  pathogens.

253

254  Figure 3. Ingestion of NTBC is lethal to other mosquito species.

255 (A) Ae. aegypti (Rockefeller strain) were fed on rabbit blood plus NTBC. (B) Cx.
256  quinquefasciatus were fed rabbit blood plus NTBC. (C) An. aquasalis were fed rabbit
257  blood plus NTBC. (D) Dose-response curves at 72 h PBM. Panels A, B and C are plotted
258  as Kaplan-Meier survival curves. 3 independent experiments were performed, each with
259 n =10-37 insects per experimental group.

260

261

262  Table 2 — Toxicity of NTBC to different mosquito species using artificial feeding - LD50
263  were calculated from data in Figure 3. Data shown are mean £ 95% Confidence Interval

264 (Cl).
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Species of mosquito NTBC LD50 (95% ClI)
UM pg/mi
Ae. aegypti (Rockefeller 1.94 (1.42-2.65) 0.64 pg/ml
strain)
Cx. quinquefasciatus 2.28 (1.56-3.34) 0.75 pg/ml
An. aquasalis 1.41 (1.03-1.93) 0.46 pg/mi
265
266 Next, we studied the effect of NTBC on field-collected populations of Ae. aegypti

267  that showed high levels of resistance to organophosphates and pyrethroids. NTBC was
268 also tested on the laboratory Rock-kdr strain, which carries a mutation in the voltage-
269  dependent sodium channel, the target site of pyrethroids and organochlorines (DDT).
270  When these populations were fed with NTBC-supplemented blood, they presented LD50
271  values similar to the control (Rockefeller strain) (Fig. 4 and Table 3). Thus neither field-
272 collected Ae. aegypti populations nor the Rock-kdr strain showed cross-resistance to

273 NTBC when orally administered along with a blood meal.

274 Finally, topical application trials were also carried out on the insecticide-resistant
275 mosquitoes. In this case, unlike artificial feeding, there were significant differences
276  between field-collected neurotoxic-resistant populations and controls (Rockefeller strain)
277  (p<0.001). These populations were less susceptible to NTBC than controls, presenting
278 RR50 values of 5.1, 5.5 and 3.9 for Santarém, Nova Iguagu and Oiapoque populations,
279  respectively. In contrast, there were no significant differences between the LD50 values
280 calculated for Red Eye, Rock-kdr and Rockefeller strains (Figure 5 and Table 3). These
281  results might be explained by a reduced penetration of this drug through the cuticle, since

282  no major differences were observed in NTBC LD50 during artificial feeding trials.

283
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284

285

286 Figure 4. Insecticide-resistant Ae. aegypti populations do not show cross-
287 resistance towards NTBC ingested with a blood meal. Different Ae. aegypti
288  populations were fed with blood plus NTBC. (A) Santarém population, (B) Nova Iguagu
289  population, (C) Oiapoque population, (D) Rock-kdr strain. (E) Dose-response curves at
290 72 h PBM. Panels A-D are plotted as Kaplan-Meier survival curves. Three (A, B, C) and
291 two (D) independent experiments were performed, respectively, each with n =10-35
292  insects per experimental group.

293

294

295

296  Figure 5. Insecticide-resistant Ae. aegypti populations show moderate resistance
297 to NTBC applied topically after a blood meal. Topical application of NTBC caused
298 death to Ae. aegypti (A) Rockefeller, (B) Santarém, (C) Nova Iguacu, (D) Oiapoque; and
299  (E) Rock-kdr strain. (F) Dose-response curves at 72 h PBM. Panels A, B, C, D and E are
300 plotted as Kaplan-Meier survival curves. Four independent experiments for Rockefeller
301 strain and Oiapoque population and two independent experiments for the other mosquito
302 populations were performed, each with n =10-32 insects per experimental group. The
303 drug (in 0.5 ul acetone) was applied on the abdomen immediately after a blood meal.
304 Controls received 0.5 pl acetone. Differences in the LD50 between Santarém, Nova

305 Iguacu and Oiapoque populations (p<0.001) and Rockefeller strain were observed.

306

307
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308 Table 3 — Toxicity of NTBC to insecticide-resistant Ae. aegypti populations - LD50 were
309 calculated from data in Figures 4 and 5. ***= p<0.001. Data shown are mean * 95%

310 Confidence Interval (Cl).

Ae. aegypti strains or NTBC LD50 (95% ClI)
populations
Artificial feeding Topical application
(M) (nmol/insect)
Rockefeller 1.94 (1.42-2.65) 0.0046 (0.0036-0.0060)
Santarém 2.82 (1.79-4.41) 0.0235 (0.017-0.03)***
Nova Iguagu 3.20 (1.76-5.79) 0.0255 (0.018-0.037)***
Oiapoque 2.33 (1.94-2.76) 0.0181 (0.012-0.026)***
Rock-kdr 1.56 (1.39-1.75) 0.0075 (0.0052-0.011)
311
312 Toxicity of HPPD inhibitors toward hematophagous arthropods depends on the

313  digestion of blood meal proteins, as previous data showed that sugar-fed female
314 mosquitoes were not sensitive to mesotrione [14]. Using topical/contact applications of
315 the drug under field conditions ensures that drug exposure does not occur at the same
316 time as blood intake. Therefore, we decided to determine the maximum time interval
317  between drug exposure and blood feeding that would still ensure lethality of the drug.
318  For this, mosquitoes were fed on blood at different times (0 h, 24 h, 48 h, 72 h, 96 h)
319  after the topical application of an LD95 of NTBC (15.6 ng/mosquito, the dose that Kkills
320 95% of the mosquitoes when it is applied immediately after a blood meal). Although a
321  significant toxicity was retained for the first 24 h after drug application, the longer the time
322  between blood feeding and topical application of NTBC, the lower the number of dead

323  mosquitoes, suggesting progressive inactivation and/or excretion of the drug by the
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324  mosquito (Figure 6). In a second set of tests, mosquitoes were first fed on blood and
325 then the topical application was made at different times PBM (0 h, 24 h, 48 h, 72 h)
326  (Figure 7). Here, a similar time-dependent loss of efficacy is observed because by 48 h
327 and later time points after the meal, there is little blood protein in the gut, and tyrosine

328 has already been catabolized.

329

330 Figure 6. Blood meal administered at different times after topical application of
331 NTBC. To evaluate persistence of toxicity from topically applied NTBC on Ae. Aegypti
332  (Red Eye strain) the drug was applied at time 0 and the blood meal was administered at
333  different times (dotted line): (A) 0 h, (B) 24 h, (C) 48 h, (D) 72 h, (E) 96 h. The results of
334  A-E are summarized as % mortality observed at 72 h PBM in (F). Panels A-E are plotted
335 as Kaplan-Meier survival curves. Two independent experiments were performed, each
336  with n =10-32 insects per experimental group. The LD95 (15.6 ng in 0.5 pl acetone) was
337 applied on the abdomen of the mosquito at time 0. Acetone alone was applied to the

338  control group at 0 h PBM.

339

340 Figure 7. Topical application of NTBC at different times after PBM. Mosquitoes (Red
341 Eye strain) were fed with blood meal at time 0 and topical application of NTBC was
342  performed at different times (dotted line): (A) O h, (B) 24 h, (C) 48 h, (D) 72 h. The results
343  of A-D are summarized as % mortality observed at 72 h after topical application (E). Data
344  from panels A to D were used to summarize the effect of time interval between NTBC
345  application and blood meal on mortality observed at 72 h after topical application. Data
346 in A-D are plotted as Kaplan-Meier survival curve. Two independent experiments were

347  performed, each with n =10-32 insects per experimental group.

348
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349 Discussion and Conclusions

350 Hematophagy in arthropods is linked to a hyperproteic diet to an extent not found
351 in other animals [11]. When the proteins in the blood are degraded, high levels of amino
352  acids such as tyrosine accumulate in the digestive tract. The discovery that the capacity
353 to degrade free tyrosine produced in excess during blood meal digestion is an essential
354 ftraitin the physiology of blood-sucking arthropods that contributes to adapt these animals
355 to hematophagy led us to propose the use of HPPD inhibitors as a new class of
356 insecticides, selective for hematophagous animals [14]. In this study we evaluated the
357  potential use of HPPD as a novel target for the control of mosquitoes, comparing different
358 inhibitors and modes of application. Our results showed that neither MES nor IFT was
359  very powerful in Ae. aegypti (Red Eye strain), while NTBC stood out for its potency and
360 efficacy. This was consistent with the report of Sterkel et al. (2016), who found that
361 feeding of Ae. aegypti with rabbit blood supplemented with MES decreased their survival,
362 as did feeding them on mice treated with an orally applied therapeutic dose of NTBC
363 [14]. However, differences in the results depending on the mode of administration
364  provided relevant insights that can help further research on the use of HPPD inhibitors
365  as vector-selective insecticides. NTBC and MES, but not IFT, were effective against Ae.
366  aegypti when administered along with the blood meal (Figure 1), but topical application
367 resulted in a different profile. Although much higher doses were required, NTBC and IFT

368  applied topically, but not MES, were effective.

369 An open question concerns the molecular mechanism responsible for the
370 differences between MES, IFT and NTBC in response to topical application and artificial
371  feeding, knowing that these compounds act on the same enzyme, HPPD. Whereas MES
372  and NTBC act directly on the HPPD enzyme[19,33], IFT undergoes a biotransformation
373  to the diketonitrile derivative (DKN), and it is this compound that acts on the HPPD
374  enzyme [23,34]. Specifically, the difference between MES and IFT in these two assays
375 might be explained either by differential absorption or by differential metabolic
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376  modification of these compounds when administered by each route (cuticle and midgut).
377 Thousands of compounds are presently listed as HPPD inhibitors [15]; therefore, it is
378 important to highlight that this differential toxicity depending on the mode of
379 administration calls for a systematic comparison across a broad spectrum of inhibitors,

380 as a way to reveal alternative compounds directed to the same enzyme.

381 The spreading of insecticide resistance among natural populations is a factor that
382  has limited their efficiency in the control of vector-borne diseases and hence, fueled the
383  search for alternative methods. Since mosquitoes can produce many generations per
384  year, resistance can evolve very quickly. Besides, the appearance of cross-resistance
385  among different neurotoxic compounds is a common finding [7,35,36]. A combination of
386 different mechanisms, such as metabolic resistance, mutation of the target proteins and
387  penetration factors (cuticular resistance) contribute to the resistance of insects to contact
388 insecticides. Here we searched for cross-resistance using populations known to be
389 resistant to organophosphates and pyrethroids, where both metabolic resistance
390 (increased expression of detoxifying enzymes) and target-site mutations (kdr) are at play
391 [24,25,27-30]. No evidence for cross-resistance to NTBC appeared using oral
392  administration (Figure 4, Table 3), but when using the topical application assays a
393  moderate (3.9 to 5.5 fold) but significant (p<0.001) increase in the LD50 was observed
394 in Santarem, Nova Iguagu and Oiapoque populations (Figure 5, Table 3). These results
395 might be explained by a lower penetration of NTBC through the cuticle as a possible
396 additional resistance mechanism present in these field populations, that complemented
397 the role of metabolic resistance and target-site mutations. Several studies have reported
398 increased expression of genes related to cuticle formation in resistant mosquito
399 populations [37,38]. However, this does not fully explain the high levels of resistance to
400 neurotoxic insecticides observed in these populations, pointing to a multifactorial nature

401 of resistance.
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402 Rock-kdr strain is derived from the backcrossing of a field-derived population
403  (homozygous for kdr mutations) and the Rockefeller strain for eight generations, to
404  reduce the contribution of detoxification enzymes (glutathione-S-transferase, esterases
405  and multifunction oxidases) in pyrethroid resistance and to evaluate the effect of the kdr
406  mutations alone [24]. As expected, since the molecular targets are different, when NTBC
407  was orally or topically administered to the Rock-kdr strain, there was no significant
408 variation in the LD50 with respect to the Rockefeller control strain. Similar results were
409  observed when comparing the Red Eye strain and the Rockefeller strain (Figure 5, Table
410  3). Furthermore, NTBC was also lethal for An. aquasalis and Cx. quinquefasciatus with
411  potency similar to that observed in Ae. aegypti (Red Eye and Rockefeller strains),
412  reinforcing the hypothesis that it can be used to target several vector-borne diseases at

413 the same time.

414 The effectiveness of topical application of NTBC suggests that it can be used in
415  strategies such as indoor residual spraying (IRS) and Long-Lasting Insecticide-treated
416  Nets (LLINs). However, HPPD inhibitors have a lethal effect only in blood-fed insects, a
417  particular characteristic that makes them selective for hematophagous arthropods. This
418 fact also creates some limitations for their use in topical-application strategies (such as
419 LLIN and IRS), as illustrated by the results showing that the efficacy of NTBC in topical
420  application trials strongly depended on the time interval between drug administration and
421  blood meal intake. When mosquitoes were fed 24 hours after the topical application of
422  an LD95 (the dose that killed 95% of mosquitoes when applied immediately after
423  feeding), it only killed 50% of the insects, indicating that a significant proportion (around
424  50%) of the drug had already been inactivated or excreted by that time. NTBC LD95 only
425  killed 25% of the mosquitoes when fed 72 hours after application, and it was not effective
426  when mosquitoes were fed later on (Fig. 6). When NTBC was applied at different times
427  after a blood meal (PBM), it was lethal when applied up to 48 hours PBM, indicating that

428  most of the tyrosine had already been catabolized by that time (Fig. 7). Taken together,
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429  our data demonstrate that NTBC may be useful as a lead compound for developing
430 compounds with a longer active life in mosquitoes. A wide range of other HPPD inhibitors
431  have already been identified in the search for herbicides and should be investigated as
432  possible tools for mosquito control. Additionally, the mortality determined by NTBC is not
433  as fast as with the neurotoxic insecticides, and some fraction of a population of treated
434  females may survive longer than the gonotrophic cycle, which takes around 2—4 days
435  after the blood meal [39,40]. This fact may contribute to maintain susceptible alleles in
436  the population, slowing the evolution of resistance. This would be an effect similar to that

437  of the idealized late-acting insecticides [41].

438 The most used endectocide drug (it has activity against endo- and ectoparasites
439  when applied to the host) in human and livestock is Ivermectin, capable of killing a wide
440 variety of parasites and vectors [42,43]. It targets a broad range of parasites and
441  invertebrates, including mosquitoes [44—47], and it has been proposed as an additional
442  tool to control vector-borne diseases such as malaria [48-54]. However, ivermectin’s
443  half-life in humans is short (around 18 h) and it would be necessary to administer multiple
444  doses, a limitation in terms of logistics [52]. A recent study proposed the use of
445  isoxazoline drugs (fluralaner and afoxolaner), currently used against fleas and ticks
446  infesting animals, for the drug-based oral treatment of a proportion of human population
447  for the control of Ae. aegypti, Culex pipiens, Anopheles and sand flies [55]. These
448  compounds possess long in-vivo half-lives that provide weeks to months of protection
449  after a single oral administration. However, they are not approved for use in humans and
450 there is no information about their pharmacokinetic and/or possible side effects. In
451 contrast, NTBC has been used in humans for treatment of HT-1 since 1994. It is
452  remarkably safe drug for mammals (LD50>1000 mg/kg in rats) [56] presenting a half-life
453  of 54 h in human plasma. Its concentration in blood following the ingestion of a
454  therapeutic dose (1 mg/kg) is 8 ug/ml (24.3 uM) [57], much higher than the LD95

455  observed for all mosquito species during artificial feeding experiments. Because NTBC
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456  toxicity towards hematophagous arthropods is maximized when it is co-delivered along
457  with the blood meal, our results raise the possibility that it could be used as a new
458  endectocide drug (in humans and livestock) for control of mosquito-borne diseases, as

459  part of an integrated vector management program.
460
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