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Abstract

Nutrient acquisition and allocation integrate foraging and life-history traits in insects. To com-
pensate for the lack of a particular nutrient at different life stages, insects may acquire these
through supplementary feeding on e.g., vertebrate secretions, in a process known as puddling.
The mosquito Anopheles arabiensis emerges undernourished, and as such, requires nutrients
for both metabolism and reproduction. Host-seeking and blood-fed An. arabiensis are attracted
to the natural and synthetic odour of cattle urine, which signals a source of nutrients, but not
the presence of a host or oviposition site. Females actively imbibe cattle urine, and its main
nitrogenous compound, urea, and allocate these resources according to life history trade-offs to
flight, survival or reproduction, as a function of physiological state. As a consequence, this
behaviour affects vectorial capacity by increasing daily survival and vector density, and thus

should be considered in future models. Future vector management strategies are discussed.
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Introduction

Acquisition and allocation of nutrients integrate foraging and life-history traits in insects
(Boggs, 2009; Molleman, 2010; Raubenheimer et al., 2009). Insects are capable of selecting
and acquiring diets, and of compensatory feeding, in response to food availability and need for
nutrients (Boggs, 2009; Raubenheimer et al., 2009). Allocation of nutrients is dependent on
life-history processes, and may result in different needs of diet quality and quantity at different
life stages of the insect (Boggs, 2009; Molleman, 2010). To compensate for the lack of a par-
ticular nutrient, insects may acquire these through supplementary feeding on e.g., mud, various
excrements and secretions of vertebrates, and carrion, in a process referred to as puddling
(Molleman, 2010). Although mainly described for various butterfly and moth species, puddling
also occurs in other insect orders, where attraction to and feeding on these types of resources
has a significant effect on fitness and other life-history traits (Banziger et al., 2009; Hendrichs
etal., 1993; Molleman, 2010; Plotkin and Goddard, 2013; Shen et al., 2009). The malaria mos-
quito, Anopheles gambiae sensu lato, ecloses as an “‘undernourished’ adult (Van Handel, 1965),
and, as such, puddling may play an important role for its life-history traits, but is a behaviour
that so far has been overlooked. The inclusion of puddling as a means to enhance nutrient intake
in this important vector requires attention, as this may have important epidemiological conse-
quences.

Due to low caloric reserves carried over from the larval stage and a low efficiency of
blood meal utilization (Briegel and Horler, 1993), adult female malaria mosquitoes are limited
in their nitrogen intake. Female An. gambiae s.1. often compensate for this by taking multiple
blood meals (Klowden and Briegel, 1994; Norris et al., 2010), thereby putting more people at
risk of contracting disease. Alternatively, mosquitoes could use supplementary feeding on ver-
tebrate excretions to obtain nitrogenous compounds to enhance fitness and flight mobility, as
demonstrated for other insects (Molleman, 2010). In this regard, the strong and differential at-
traction of one of the sibling species within the An. gambiae s.l. species complex, An. ara-
biensis, to fresh and aging cattle urine (Kweka et al., 2009; 2011; Mahande et al., 2010), is
intriguing. Cattle urine is a resource rich in nitrogenous compounds, with urea making up 50-
95 % of the total nitrogen in fresh urine (Dijkstra et al., 2013; Kilande et al., 2016). As cattle
urine ages microbes make use of these resources, thereby reducing the complexity of nitrogen-
containing compounds within 24 h (Kilande et al., 2016). With the rapid increase in ammonia,
correlating with the decline in organic nitrogen, alkalophilic microbes, many of which produce

compounds toxic to mosquitoes, thrive (Kilande et al., 2016), which may be a lead cause of
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why female An. arabiensis are preferentially attracted to urine aged for 24 h or less (Kweka et
al., 2011; Mahande et al., 2010).

In this study, we assessed whether host-seeking and blood-fed An. arabiensis can acquire
nitrogenous compounds, including urea, through urine puddling. Next, we conducted a series
of experiments to assess how female mosquitoes allocate this potential nutrient resource to en-
hance survival, reproduction and further foraging. Finally, we assessed whether the odour of
fresh and aging cattle urine provides a reliable cue for host-seeking and blood-fed An. ara-
biensis in their search for this potential nutrient resource, and identified the chemical correlates
underlying the observed differential attraction. The synthetic odour blend of volatile organic
compounds (VOCs) identified in 24 h aged urine was further evaluated under field conditions,
expanding on the results obtained under laboratory conditions, and demonstrating the efficacy
of cattle urine odour to attract mosquitoes of different physiological states. The obtained results

are discussed in the context of potential epidemiological consequences.

Results

Host-seeking and blood-fed mosquitoes feed on urine and urea

To assess whether An. arabiensis are able to acquire urine, and its main source of nitrogen,
urea, through direct feeding, 4-day post-emergence (dpe) host-seeking and blood-fed females
were given access to these diets over a period of 48 h in a feeding assay (Fig. 1A). Both host-
seeking and blood-fed females imbibed significantly larger volumes of sucrose than any of the
other diets or water (F(s.426) = 20.15, p < 0.0001 and Fs299) = 56.00, p < 0.0001, respectively;
Fig. 1BC). In addition, host-seeking females fed less on 72 h aged urine compared with 168 h
aged urine (Fig. 1B). When provided with diets containing urea, host-seeking females imbibed
a significantly larger volume of 2.69 mM urea compared with all other concentrations and wa-
ter, while not differing from 10 % sucrose (Fqo.813) =15.72, p < 0.0001; Fig. 1D). This differed
from the response of blood-fed females, which generally imbibed significantly larger volumes
of urea-containing diets compared to water, although imbibing significantly smaller volumes
compared to 10 % sucrose (F(10,557) = 78.35, p < 0.0001; Fig. 1E). Moreover, when comparing
between the two physiological states, blood-fed females imbibed more urea at the lowest con-
centration than their host-seeking counterparts, while these females imbibed similar amounts at
higher concentrations (F(1,953y = 78.82, p <0.0001; Fig. IFG). While the volume of intake of

the urea-containing diets appeared to have an optimum (Fig. 1DE), females of both physiolog-


https://doi.org/10.1101/2020.08.24.264309

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.24.264309; this version posted August 24, 2020. The copyright holder for this preprint

94
95
96
97
98
99

100
101

102
103
104
105

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

For BioRxiv

ical states were able to regulate the amount of urea imbibed over the full range of urea concen-
trations in a log-linear fashion (Fig. 1FG). Similarly, mosquitoes appear to control their intake
of nitrogen by regulating the volume of urine imbibed, as the amount of nitrogen in the urine is

reflected in the volume imbibed (Fig. 1BC and Fig. 1B inset).
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Figure 1. Cattle urine and urea imbibed by host-seeking and blood-fed female Anopheles
arabiensis. Female mosquitoes were provided with diets consisting of fresh and aged cattle
urine, various concentrations of urea, sucrose (10 %) and distilled water (H2O) in a feeding

assay (A). Host-seeking (B) and blood-fed (C) females imbibed larger volumes of sucrose than
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106  any of the other diets tested. Note that host-seeking females imbibed less 72 h aged cattle urine
107  than 168 h aged cattle urine (B). The average total nitrogen content of the urine (+ standard
108  deviation) is represented in the inset. Urea was imbibed by host-seeking (D, F) and blood-fed
109  (E, G) females in a dose-dependent manner. The mean volume imbibed (D, E) with different
110  letter designations are significantly different from one another (one-way analysis of variance
111 with a Tukey’s post hoc analysis; p < 0.05). Error bars represent the standard error of the mean
112 (B-E). The straight dotted lines represent the log-linear regression lines (F, G).

113

114 Urine and urea affect the survival of malaria mosquitoes

115  To assess the role of urine and urea on the survival of host-seeking and blood-fed mosquitoes,
116  females were fed on all four ages of urine and a range of urea concentrations, as well as on
117  distilled water and 10 % sucrose as controls (Fig. 2A). This survival analysis revealed that diet
118  had a significant impact on the overall survival rate of host-seeking females (urine: ¥* = 108.5,
119 df=5,p<0.0001;urea: x> =122.8,df = 5, p < 0.0001; Fig. 2BC) and blood-fed females (urine:
120  %*=93.0,df=5,p <0.0001; urea: > = 137.9, df = 5, p < 0.0001; Fig. 2DE). In all experiments,
121 females feeding on urine, urea and water had a significantly reduced survival compared to those
122 provided with sucrose as a diet (Fig. 2B-E). Host-seeking females feeding on fresh and aged
123 urine exhibited differential survival, with those feeding on 72 h aged urine (p = 0.016) having
124 the lowest probability of survival (Fig. 2B). Moreover, host-seeking females fed on 135 mM
125  urea survived longer than on the water control (p < 0.04) (Fig. 2C). Blood-fed females survived
126  longer when fed on fresh and 24 h aged urine compared with water (p = 0.001 and p = 0.012,
127  respectively; Fig. 2D), while those fed on 72 h aged urine survived for a shorter time than those
128  fed on fresh and 24 h aged urine (p < 0.0001 and p = 0.013, respectively; Fig. 2D). When fed
129  on 135 mM urea, blood-fed females survived longer than all other concentrations of urea and
130  water (p <0.013; Fig. 2E).

131
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133 Figure 2. Survival of host-seeking and blood-fed female Anopheles arabiensis fed on cattle
134  urine and urea. Female mosquitoes were provided with diets consisting of fresh and aged
135  cattle urine, various concentrations of urea, sucrose (10 %) and distilled water (H>O) in a bio-
136  assay (A). The survival of individual host-seeking (B, C) and blood-fed (D, E) mosquitoes was
137  recorded every 12 h, until all females fed on urine (B, D) and urea (C, E), as well as the controls,
138  sucrose and water, had died.

139

140  Flight behaviour is affected by urine and urea diet

141  The overall distance and number of bouts, as determined in a flight mill assay over a 24 h pe-
142 riod, differed between host-seeking and blood-fed mosquitoes, with blood-fed mosquitoes dis-
143 playing less flight activity overall (Fig. 3). Host-seeking mosquitoes provided with fresh and
144  aged urine, or sucrose and water, displayed varying flight patterns (Fig. 3), with females fed on
145  fresh urine being more active at dawn, while those fed on 24 h and 168 h aged urine displaying
146  predominantly daytime activity. Female mosquitoes provided with either sucrose or 72 h aged
147  urine demonstrated activity throughout the 24 h period, whereas those provided with water were
148  more active during mid-scotophase. Mosquitoes fed on sucrose demonstrated the highest levels
149  of activity during the late night and early morning, while those that imbibed 72 h aged urine
150  decreased activity steadily over the 24 h (Fig. 3).
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151 [ 2
152 Figure 3. Flight performance of host-seeking and blood-fed female Anopheles arabiensis
153  fed on cattle urine and urea. Female mosquitoes fed on diets consisting of fresh and aged
154  cattle urine, various concentrations of urea, sucrose (10 %) and distilled water (H>O) were teth-
155  ered to a horizontal, free-spinning arm in a flight mill assay (top). The overall distance and
156  number of bouts flown per hour over 24 h (scotophase: grey; photophase: white) were recorded
157  for each diet for both host-seeking (left) and blood-fed (right) females. The average distance
158  and average number of bouts are shown to the right of the diurnal activity plots. Error bars

159  represent the standard error of the mean. See the main text for statistical analysis.
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160

161 In general, the overall bouts of flight activity by host-seeking females followed a similar
162  pattern to that of the distance flown over the 24 h period. The diet imbibed significantly affected
163 the average distance flown (Fs, 138y = 28.27, p < 0.0001), with host-seeking females having im-
164  bibed 72 h aged urine flying significantly longer distances than all other diets (p < 0.0001), and
165  sucrose-fed mosquitoes flying longer distances than those fed on fresh (p =0.022) and 24 h
166  aged urine (p = 0.022). In contrast to the flight activity patterns described for the urine diets,
167  host-seeking females fed on urea demonstrated continuous flight activity over the course of the
168 24 h period with a peak of activity during the second half of scotophase (Fig. 3). While the
169  pattern of activity was similar, host-seeking females fed on urea significantly increased the
170  average distance flown depending on the concentration imbibed (Fs 138y =1310.91,
171  p<0.0001). Host-seeking females feeding on any concentration of urea tested flew longer dis-
172 tances than those fed on water or sucrose (p < 0.03).

173 The overall flight activity of blood-fed mosquitoes was stable and continuous over the
174 24 h period for all diets, with an increase in activity in the latter half of the scotophase for
175  females fed on water as well as those fed on fresh and 24 h aged urine (Fig. 3). While the urine
176  diet significantly affected the average distance flown by blood-fed females (Fs, 138) = 4.83,
177  p=0.0004), urea diets had no discernible effect (Fs, 133y = 1.36, p = 0.24). Only blood-fed fe-
178  males fed on 24 h aged urine displayed an increased average flight distance compared to the
179  other urine and control diets (fresh, p=0.0091; 72 h, p=0.0022; 168 h, p=0.001; sucrose,
180 p=0.0017; dH20, p =0.036).

181

182  Urine and urea affect reproductive parameters

183  The effect of urine and urea feeding on reproductive parameters were assessed in an oviposition
184  bioassay (Fig. 4A), and investigated in terms of the number of eggs laid per female, as well as
185  the size of the eggs and the newly hatched first instar larvae. The number of eggs laid by An.
186  arabiensis females fed on urine varied with diet (Fs,222) = 4.38, p = 0.0008; Fig. 4B). Females
187  fed on 24 h aged urine, post-blood meal, laid significantly more eggs than when fed on other
188  urine diets, and similar to that laid by those fed on sucrose (Fig. 4B). Similarly, the size of eggs
189  laid by females fed on urine differed based on diet (Fs, 209y = 12.85, p < 0.0001), with females
190  fed on 24 h aged urine and sucrose laying significantly larger eggs than those fed on water,

191  while eggs from females fed on 168 h aged urine were significantly smaller (Fig. 4C). Moreo-
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192 ver, the urine diets significantly affected larval size (Fs, 187) = 7.86, p < 0.0001), with signifi-
193 cantly larger larvae emerging from eggs laid by females that fed on 24 h and 72 h aged urine
194  than those from the eggs of water-fed and 168 h aged urine-fed females (Fig. 4D).

195 As the primary nitrogenous component of urine, urea, when offered as a diet to blood-fed
196  females, differentially and significantly affected all of the reproductive parameters studied. The
197  number of eggs laid by females fed on urea, post-blood meal, differed depending on the con-
198  centration of urea (F(i1,360) = 4.69; p <0.0001), with females fed on urea concentrations be-
199  tween 134 uM and 1.34 mM laying more eggs (Fig. 4E). Females fed on concentrations of urea
200  at or above 134 uM laid larger eggs than those fed on water (F(10, 4245y = 36.7; p < 0.0001; Fig.
201  4F), whereas larval size, while affected by similar concentrations of urea imbibed by the mother

202 (F(o,3305 = 37.9; p <0.0001), was more variable (Fig. 4G).
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206  Figure 4. Reproductive performance of female Anopheles arabiensis fed on cattle urine
207  and urea. Blood-fed female mosquitoes fed on diets consisting of fresh and aged cattle urine,
208  various concentrations of urea, sucrose (10 %) and distilled water (H2O) over a period of 48 h,
209  and then placed in a bioassay with access to an oviposition substrate for 48 h (A). The number
210  of eggs (B, E), size of eggs (C, F) and size of larvae (D, G) were significantly affected by the
211  diet provided (cattle urine: B-D; urea: E-G). The mean for each parameter measured with dif-
212 ferent letter designations are significantly different from one another (one-way analysis of var-
213 iance with a Tukey’s post hoc analysis; p < 0.05). Error bars represent the standard error of the

214  mean.
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216  Figure 5. Behavioural response of host-seeking and blood-fed Anopheles arabiensis to nat-
217  wral and synthetic cattle urine odour. Diagram of the glass tube olfactometer (A). Attraction
218  to the headspace volatile extracts of fresh and aged cattle urine of host-seeking (B) and blood-
219  fed (C) mosquitoes. The antennal responses of host-seeking An. arabiensis to fractioned head-
220  space extracts from fresh (D), 24 h (E), 72 h (F) and 168 h (G) aged cattle urine are shown.
221  Electroantennographic detection (EAD) traces show voltage changes in response to the bioac-
222 tive compounds in the headspace eluting from the gas chromatograph and detected by the flame
223 ionization detector (FID). Scale bar indicates the amplitude of response (mV) versus the reten-
224  tion time (s). The identity and release rate (ug h™!) of the bioactive compounds are indicated. A
225  single asterisk (*) indicates consistent low amplitude responses. Double asterisks (**) indicate

226  irreproducible responses. Host-seeking (H) and blood-fed (I) An. arabiensis are differentially
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227  attracted to the synthetic blends of fresh and aged cattle urine odour. The mean proportion of
228  mosquitoes attracted with different letter designations are significantly different from one an-
229  other (one-way analysis of variance with a Tukey’s post hoc analysis; p < 0.05). Error bars
230  indicate the standard error of the proportion.

231

232 Attraction of Anopheles arabiensis fo cattle urine odour

233 The overall attraction to the headspace volatile extracts of cattle urine of host-seeking 4An. ara-
234 biensis, as assessed in a glass tube olfactometer (Fig. 5SA), was significantly affected by the age
235  of the urine (¥* = 15.9, df =4, p = 0.0032; Fig. 5B). Post hoc analysis revealed that 24 h aged
236  urine odour elicited a significantly higher level of attraction compared to all other treatments
237 (72 h:p =0.0060, 168 h: p=10.012, pentane: p = 0.00070), except fresh urine odour (p = 0.13;
238  Fig. 5B). While there was no significant difference in the overall attraction to urine odour by
239  blood-fed mosquitoes (x° = 8.78, df =4, p=10.067; Fig. 5C), these females were found to be
240  significantly more attracted to the headspace volatile extract of 72 h aged urine compared to the
241  control (p = 0.0066; Fig. 5C).

242

243 Cattle urine odour does not affect egg laying

244 Female An. arabiensis, 72 h and 120 h post-blood meal, did not demonstrate a preference for
245  the headspace volatile extracts of fresh and aged cattle urine over that of the pentane control
246  during oviposition (x> = 3.07, p > 0.05; Supplementary Fig. 1).

247

248  Age affects the bioactive compounds present in cattle urine odour

249  For female An. arabiensis, the GC-EAD and GC-MS analyses identified eight, six, three and
250  three bioactive compounds in the headspace volatile extracts of fresh, 24 h, 72 h and 168 h aged
251  cattle urine, respectively (Fig. SD-G). Despite the observed difference in the number of com-
252  pounds eliciting an electrophysiological response, the majority of these compounds were pre-
253  sent in each of the headspace volatile extracts collected from fresh and aged urine. Thus, only
254  compounds that produced above-threshold physiological responses from the female antennae,
255  for each extract, were included in further analyses.

256 The total volatile release rate of the bioactive compounds in the headspace collections
257  increased from 29 pg h''in fresh urine to 242 pg h™!' in 168 h aged urine, predominantly due to
258  the increase of p- and m-cresol, as well as phenol. In contrast, the release rate of other com-

259  pounds, for example, 2-cyclohexen-1-one and decanal, decreased with an increasing age of the
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260  urine, correlating with the observed decrease in signal intensity (abundance) in the chromato-
261  gram (Fig. 5D-G left panel) and in the physiological response to these compounds (Fig. SD-G
262  right panel).

263

264  Synthetic urine odour attracts female mosquitoes

265  Overall, synthetic blends approximating the natural ratio of bioactive compounds identified in
266  the headspace volatile extracts of fresh and aged urine (Fig. 5D-G), did not appear to elicit
267  significant attraction in host-seeking (y* = 8.15, df = 4, p = 0.083; Fig. 5SH) or in blood-fed mos-
268  quitoes (y- =4.91, df =4, p = 0.30; Fig. 5T). However, a post hoc pairwise comparison among
269  the treatments revealed a significant attraction of host-seeking mosquitoes to the synthetic blend
270  of 24 h aged urine, as compared to the pentane control (p = 0.0086; Fig. SH).

271 To assess the role of individual components in the synthetic blend of 24 h aged urine, six
272  subtractive blends, from which individual compounds were removed, were evaluated against
273  the full blend in a Y-tube assay. For host-seeking mosquitoes, subtraction of individual com-
274  pounds from the full blend had a significant effect on the behavioural response (x> = 19.63,
275 df=6, p =0.0032; Supplementary Fig. 2A), with all subtractive blends being less attractive
276  than the full blend. In contrast, the removal of individual compounds from the full synthetic
277  blend did not affect the behavioural response of blood-fed mosquitoes (x> =11.38, df= 6,
278  p =0.077), with the exception of decanal, which resulted in a reduced level of attraction com-
279  pared with the full blend (p = 0.022; Supplementary Fig. 2B).

280

281  Synthetic cattle urine odour attracts mosquitoes under field conditions

282  The efficacy of the synthetic blend of 24 h aged cattle urine to attract mosquitoes under field
283  conditions was evaluated over ten nights in a malaria endemic rural village in Ethiopia (Fig.
284  6A). A total of 4861 mosquitoes were captured and identified, of which 45.7 % were An. gam-
285  biae s.l., 18.9 % were An. pharoensis and 35.4 % were Culex spp (Supplementary Table 1).
286  Anopheles arabiensis was the only member of the An. gambiae species complex to be identified
287 by PCR analysis. On average, 320 mosquitoes were caught per night, during which time the
288  traps baited with the synthetic blend caught more mosquitoes than the paired traps without the
289  blend (%0, 3196 = 170.0, p < 0.0001). During each of the five control nights at the beginning,
290 middle and end of the trial, non-baited traps were set. Similar numbers of mosquitoes were
291  caught in each paired trap, demonstrating that there was no bias between houses
292 (%0, 1665) = 9%10713, p>0.05) with no decline in the population over the study period. There

293 were significantly higher numbers of mosquitoes caught in traps containing the synthetic blend
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294  compared to the control traps: host-seeking (%o, 2107 = 138.7, p < 0.0001), recently blood fed
295 (%%0,650 = 32.2, p<0.0001) and gravid (y%o,228) = 6.27, p = 0.0123; Supplementary Table 1).
296  This was also reflected in the total number of mosquitoes caught: host-seeking > blood-fed >

297  gravid > semi-gravid > males.
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300 Figure 6. Field evaluation of the efficacy of the 24 h synthetic cattle urine odour blend.
301  The field trials were carried out in south central Ethiopia (map), nearby the town of Meki (in-
302  sert), using Centers of Disease Control (CDC) light traps (right) in paired houses using a Latin
303  square design (aerial map) (A). CDC light traps baited with the synthetic odour differentially
304  attracted and captured female Anopheles arabiensis (B), but not Anopheles pharoensis (C), an
305  affect that was dependent on physiological state. In addition, the traps caught significantly
306  higher numbers of host-seeking Culex spp. (D) compared to the controls. Bars on the left rep-
307  resent the average choice indices of mosquitoes caught in paired odour baited (green) and con-
308 trol (open) traps (N = 10), whereas bars on the right represent the choice indices of mosquitoes
309  caught in paired control traps (open; N = 5). Asterisks denote the level of statistical significance
310  (*p=0.01 and ***p < 0.0001).

311

312 The three species were differentially caught in the traps containing the synthetic blend. A
313  significantly higher number of host-seeking (x%u,1345)=71.7, p<0.0001), blood-fed
314 (%q,s17=16.7,p <0.0001) and gravid (%1, 1s0) = 6.11, p = 0.0134) An. arabiensis were caught
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315 in traps releasing the synthetic blend (Fig. 6B), whereas no difference in the number of An.
316  pharoensis, at different physiological states, was found (Fig. 6C). For the Culex spp., only the
317  number of host-seeking mosquitoes was found to be significantly higher in the traps baited with
318  the synthetic blend (¥*(1, 1319) = 12.6, p = 0.0004; Fig. 6D), compared to the control trap.

319

320  Cattle urine odour is not a host habitat cue for mosquitoes

321  Host decoy traps, situated away from potential hosts between the breeding site and a rural vil-
322 lage community in Ethiopia, were used to assess whether malaria mosquitoes use cattle urine
323 odour as a host habitat cue. In absence of the host cue, heat, no mosquitoes were caught, with
324  or without the presence of cattle urine odour (Supplementary Fig. 3). However, in the presence
325  of both heat and cattle urine odour, female malaria mosquitoes were attracted and caught, alt-
326  hough in low numbers, irrespective of the age of the urine (¥, 25y = 2.29, p = 0.13; Supplemen-
327  tary Fig. 3). In contrast, the water control caught no malaria mosquitoes in the presence of heat

328  (Supplementary Fig. 3).

329  Discussion

330  Malaria mosquitoes acquire and allocate nitrogenous compounds through compensatory feed-
331 ing on cattle urine, i.e., puddling, to enhance life-history traits, similar to that of other insects
332 (Bodri, 2018; Honda etal., 2012; Molleman, 2010; Petit et al., 2019; Shen et al., 2009). Female
333  mosquitoes locate this resource through olfaction, and are able to regulate the uptake of nitrog-
334  enous compounds in urine, including the main nitrogenous constituent of urine, urea (Dijkstra
335 et al, 2013; Kilande et al., 2016). Depending on the life stage of the female mosquito, the
336  nutrients within urine are allocated to enhance flight activity and survival in host-seeking fe-
337  males, and survival and reproductive traits in blood-fed individuals. As such, urine puddling
338 plays an important nutritive role for malaria vectors that eclose as undernourished adults (Van
339  Handel, 1965). This finding has significant epidemiological consequences, as females increase
340 their life expectancy, activity and reproductive output, all of which affect vectorial capacity.

341 The VOC profile of urine changes with age as a result of microbial activity (Kilande et
342 al, 2016; Okech and Hassanali, 1990; Storer et al., 2011; Troccaz et al., 2013). Host-seeking
343  female An. arabiensis are attracted to the VOCs of fresh and 24 h aged urine (this study, Kweka
344 et al., 2009; Mahande et al., 2010), which is different from that found for other dipterans, in-
345  cluding tsetse and tabanids, which prefer VOCs of older aged urine (Mihok and Mulye, 2010;
346  Okech and Hassanali, 1990; Vale et al., 1988). The overall complexity of VOCs increases as
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347  the urine ages, with phenol and phenolic derivatives as the predominant VOCs (this study,
348  Okech and Hassanali, 1990; Baldacchino et al., 2013). While blends of phenolic VOCs are
349  sufficient to elicit attraction in tsetse and tabanids (Baldacchino et al., 2013; Madubunyi et al.,
350  1996; Mihok and Mulye, 2010; Vale et al., 1988), these fail to do so in An. arabiensis, as cor-
351 roborated by (Mahande et al., 2010) and (Kweka et al., 2009). In contrast, the blends of anten-
352  nally-detected VOCs that attract female An. arabiensis are more complex. These blends also
353  contain phenol, p- and m-cresol, although at lower release rates compared to that found in the
354  older urine. A synthetic blend of these phenolic compounds, along with three addition anten-
355 nally active VOC:s is required to recapitulate the behavioural response of host-seeking females
356  to cattle urine under laboratory conditions. This suggests an evolutionarily conserved function
357  of phenolic compounds among dipterans, however the context in which these phenolics are
358 presented is adaptive for different species. When assessed under field conditions, the same
359  blend elicited attraction of host-seeking An. arabiensis and Culex spp. females, but not of An.
360  pharoensis, emphasising a conserved, yet species-dependent, response. Cattle urine VOCs have
361  been proposed to act as host habitat cues, i.e., long-range attractants that indicate the presence
362  of a potential host within a particular area, for tsetse, tabanids and other non-Culicidae flies
363  (Webster and Cardé, 2017). Mosquitoes, however, do not appear to use cattle urine as a host
364  habitat cue, emphasising a different ecological function in Culicidae (mosquitoes) and non-
365  Culicidae flies.

366 While the synthetic odour of 24 h aged urine attracted recently blood-fed and gravid 4n.
367  arabiensis in the field, this was not observed under laboratory conditions. In contrast, blood fed
368 females exhibited a strong attraction to the background humid air, with little to no effect of the
369  cattle urine VOCs. These behavioural results in the laboratory are likely confounded by the fact
370  that humidity itself is a strong preoviposition attractant (Okal et al., 2013), but is a prerequisite
371  for the bioassay. Cattle urine has been proposed to act as an oviposition attractant for gravid
372  mosquitoes (Kweka et al., 2011), however this was not supported in this study, leading us to
373  search for other plausible explanations for the attraction of mosquitoes to cattle urine.

374 Fresh urine mainly contains salts and nitrogenous compounds, two nutrient classes fre-
375  quently sought for by insects using supplemental feeding to increase fitness (Molleman, 2010).
376  Host-seeking and blood-fed An. arabiensis actively imbibe cattle urine, at a similar level as
377  water intake, irrespective of the age of the urine, which may be due to similar overall levels of
378  nitrogen in fresh and aged urine. As cattle urine ages, microbes make use of the nitrogenous
379  compounds in urine, particularly hydrolysing urea to ammonia, resulting in a changing com-

380  plexity of the microbial communities (Kilande et al., 2016). While females do not display any
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381  obvious feeding preference for fresh or aged urine, mosquitoes demonstrate a dose-dependent
382  response to urea, revealing that both host-seeking and blood-fed mosquitoes regulate their in-
383  take of nitrogenous compounds. Host-seeking mosquitoes imbibe a wide range of urea concen-
384  trations. However, these females display optimal intake volumes of urea at concentrations sim-
385 ilar to those present in fresh and 24 h aged cattle urine (Dijkstra et al., 2013; Kilande et al.,
386  2016), and which does not differ from the sucrose control. While blood-fed mosquitoes imbibe
387  lower volumes of urea and water than host-seeking females, as recently blood-fed females are
388  constrained by the previous meal, these females display a lower threshold of response to urea.
389  Mosquitoes are unable to metabolise urea, and likely use gut bacteria that possess ureases to
390  hydrolyse urea to ammonia (Chen et al., 2017; Kémpfer et al., 2011). Midgut tissues and fat
391  bodies in mosquitoes are able to convert ammonia into the amino acids, glutamate, glutamine,
392  alanine and proline (Scaraffia et al., 2005; Scaraffia et al., 2010), which are important compo-
393  nents of yolk proteins and, in the case of proline, can be used as an energy source for flight
394  (Scaraffia and Wells, 2003).

395 Allocation patterns of assimilated nitrogenous nutrients from urine, including urea, are
396 notindependent, as these nutrients are allocated as a function of physiological state to survival,
397  flight and reproduction in order to provide the life history traits demonstrated in host-seeking
398  and blood-fed mosquitoes. This conforms with the general aspect of nutrient allocation found
399  for other insects, in which life history traits are constrained by one or more limiting nutrients
400  (Boggs, 2009; Raubenheimer et al., 2009). The need to allocate nutrients to more than one trait
401  at the same time can generate physiological trade-offs among those traits (Boggs, 2009), as
402  demonstrated in a pair-wise manner for host-seeking (flight vs. survival) and blood-fed (sur-
403  vival vs. reproduction) mosquitoes. The need to increase acquisition of a food type containing
404  alimiting nutrient has been shown to result in excess consumption of nutrients that are delete-
405  rious to another allocation target (Boggs, 2009; Lee et al., 2008). Such trade-offs may explain
406  why host-seeking female mosquitoes are attracted to and imbibe 72 h aged urine, which con-
407  tains toxic microbiota (Kilande, Tenywa, Rwakaikara-Silver, et al., 2016), increasing the dis-
408  tance flown but resulting in a significantly reduced life span. On the other hand, the acquisition,
409 by blood-fed females, of excess nutrients in 24 h aged urine, allow allocation of these resources
410  to more than one trait, i.e., survival, flight and reproduction. This demonstrates that compensa-
411  tory feeding on urine can be used for similar purposes as multiple blood meals within one gono-
412  trophic cycle (Briegel and Horler, 1993). This allocation framework (Boggs, 2009;
413  Raubenheimer et al., 2009) provides a mechanistic understanding of life history patterns and

414  how resources are allocated to survival, dispersal and reproduction.
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415 Compensatory feeding for nitrogenous compounds, in the form of multiple blood meals,
416  has been shown in An. gambiae s. I. to either be required for egg development in females with
417  low teneral reserves, or to enhance the number and condition of eggs developing in a single
418  gonotrophic cycle (Beier, 1996; Gillies, 1954; Scott and Takken, 2012; Takken et al., 1998).
419  However, blood feeding is risky and presents a trade-off for the female between reproduction
420  and survival (Anderson and Roitberg, 1999) making another, low risk, source for nitrogenous
421  compounds, e.g., cattle urine, an adaptive alternative. The increased survival, as well increased
422  numbers and sizes of eggs laid following a compensatory urine or urea meal by a blood fed
423  female reflects that which is observed following multiple blood meals (Gillies, 1954; Scott and
424  Takken, 2012; Takken et al., 1998). This suggests that An. arabiensis may minimise the trade-
425  off between the need for nitrogen resources to enhance reproductive traits and survival by mak-
426  ing use cattle urine.

427 Blood-fed mosquitoes allocate the bulk of the nitrogenous compounds from compensa-
428  tory feeding to reproduction, and in part to survival, while host-seeking mosquitoes predomi-
429  nantly use these to fuel flight (Gaviraghi et al., 2019), analogous to that described for other
430 insects (Teulier et al., 2016; Tigreros and Davidowitz, 2019). The immediate and sustained
431  increase in flight activity by host-seeking females following a urea meal suggests that this re-
432  source can be used directly to fuel flight activity, potentially through the use of the combination
433  of the previously described conversion of ammonia to proline (Scaraffia et al., 2010) and its
434  further oxidation of proline to fuel flight muscles (Gaviraghi et al., 2019; Scaraffia and Wells,
435  2003). The dawn activity pattern demonstrated by host-seeking females fed on fresh urine re-
436  flects that observed for An. gambiae females engaging in compensatory blood feeding
437  (Klowden and Briegel, 1994). Host-seeking females fed on 24 h and 168 h aged urine, on the
438  other hand, demonstrate an abnormal activity throughout photophase, suggesting that these fe-
439  males may be nutrient seeking during this time. Feeding on 72 h aged urine resulted in activity
440  patterns similar to those demonstrated post-urea feeding, reflecting the high levels of ammonia
441  present in the diet at this time, as a result of microbial activity (Kilande et al., 2016). Thus,
442  mosquitoes have the capacity to use cattle urine, and its main nitrogenous component urea, as
443 fuel for flight.

444 Malaria mosquitoes demonstrate complex behavioural and physiological strategies to
445  adapt to their environment. Feeding on cattle urine compensates for the need to take multiple
446  blood meals by enhancing life history traits in a state dependent manner. This is likely to affect
447  vectorial capacity by increasing the probability of daily survival and vector density, while de-

448  creasing the interaction between the vector and the host, by reducing the need for multiple blood
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449  meals. Urine meals provide an alternate, non-blood, nitrogen source and reduce the number of
450  undernourished females requiring a pre-blood meal for metabolic energy prior to egg develop-
451  ment. As such, compensatory feeding on cattle urine, or other nitrogen-rich resources, should
452  be taken into consideration in future models of vectorial capacity. To this end, further studies
453  are required to establish the natural role of cattle urine feeding in malaria mosquitoes, and how

454  this behaviour may be manipulated in future vector management strategies.

455  Materials and Methods

456  Mosquito rearing

457  Anopheles arabiensis (Dongola strain) were maintained at 25 +2 °C, 65+ 5 % RH and at a
458  12:12 h light: dark cycle. Larvae were reared in plastic trays (20 cm x 18 cm % 7 cm), filled
459  with distilled water, and fed on Tetramin® fish food (Tetra Werke, Melle, DE). Pupae were
460  collected in 30 ml cups (Nolato Hertila, Astorp, SE) and transferred to Bugdorm cages
461 (30 cm x 30 cm x 30 cm; MegaView Science, Taichung, TW) for the adults to emerge. Adults
462  were provided with 10 % sucrose solution ad libitum until 4 days post-emergence (dpe), at
463  which time host-seeking females were either provided with the diet immediately, or starved
464  overnight with access to distilled water, prior to experiments, as described below. Females used
465  for the flight tube experiments were only starved for 4-6 h with ad libitum access to water. To
466  prepare blood-fed mosquitoes for subsequent bioassays, 4 dpe females were provided defib-
467  rinated sheep blood (Hatunalab, Bro, SE) using a membrane feeding system (Hemotek Discov-
468  ery Workshops, Accrington, UK). Fully engorged females were subsequently transferred to
469  separate cages and provided either a diet directly, as described below, or ad libitum access to
470 10 % sucrose for 3 days, prior to the experiments described below. The latter females were used
471  for the flight tube bioassays and were transferred to the experimental room, then starved with
472 ad libitum access to distilled water 4-6 h prior to the experiments.

473

474  Quantification of urine and urea imbibed

475  Feeding assays were used to quantify the consumption of urine and urea by adult An. arabiensis
476  females. Host-seeking and blood-fed females were provided with diets containing a 1 % dilu-
477  tion of fresh and aged cattle urine, various concentrations of urea, as well as two controls,
478 10 %sucrose and water, for 48 h. In addition, a food colourant (1 mg ml! xylene cyanole FF;
479  CAS 2650-17-1; Sigma-Aldrich, Stockholm, SE), was added to the diet and provided ina 4 x 4
480  matrix of 250 ul microfuge tubes (Axygen Scientific, Union City, CA, US; Fig. 1A) filled to
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481  the rim (ca. 300 ul). To avoid competition among mosquitoes and the potential influence of the
482  colour of the dye, ten mosquitoes were placed in large Petri dishes (12 cm diameter, 6 cm
483  height; Semadeni, Ostermundigen, CH; Fig. 1A) in complete darkness at 25+ 2 °C and
484 65 =5 % RH. These experiments were replicated from 5 to 10 times. Following exposure to the
485  diets, the mosquitoes were placed at -20 °C until further analysis.

486 To release the diet imbibed, mosquitoes were placed individually in 1.5 ml microfuge
487  tubes containing 230 pl of distilled water, and the tissues disrupted using a disposable pestle
488  and cordless motor (VWR International, Lund, SE), and then centrifuged at 10 krpm for 10 min.
489  The supernatants (200 pl) were transferred to a 96-well microplate (Sigma-Aldrich) and the
490  absorbance (A620 nm) determined using a spectrophotometer-based microplate reader (SPEC-
491  TROStar® Nano, BMG Labtech, Ortenberg, DE). Alternatively, the mosquitoes were ground in
492 1 ml of distilled water, 900 ul of which was transferred to a cuvette for spectrophotometric
493  analysis (A620 nm; UV 1800, Shimadzu, Kista, SE). To quantify the diet imbibed, a standard
494  curve was prepared by a serial dilution resulting in a range of 0.2 pl to 2.4 pl of 1 mg ml!
495  xylene cyanol. Then, the optical density of known dye concentrations was used to determine
496  the volume of diet imbibed by each mosquito.

497 The volumetric data were analysed using a one-way analysis of variance (ANOVA) fol-
498  lowed by a Tukey’s post hoc pairwise comparison (JMP Pro, v14.0.0, SAS Institute Inc., Cary,
499  NC, US, 1989-2007). Linear regression analysis described the concentration dependent urea
500 intake and comparisons were made between the responses of host-seeking and blood-fed mos-
501  quitoes (GraphPad Prism v8.0.0 for Mac, GraphPad Software, San Diego, CA, US).

502

503  Urine and nitrogen analysis

504  Approximately 20 pl of sample urine from each age category was bound on Chromosorb®
505  W/AW (10 mg 80/100 mesh, Sigma Aldrich), and enclosed in tin capsules (8 mm x 5 mm). The
506  capsule was inserted into a combustion chamber of a CHNS/O analyser (Flash 2000, Thermo
507  Fisher Scientific, Waltham, MA, US) to determine the nitrogen content of fresh and aging urine,
508 according to the manufacturer’s protocol. Total nitrogen (g N I'') was quantified based on
509  known concentrations of urea used as the standard.

510

511 Survival analysis

512 To assess the effect of diet on the survival of host-seeking and blood-fed females, mosquitoes

513  were placed individually into large Petri dishes (diameter 12 cm, height 6 cm; Semadeni), with
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514  a mesh covered hole in the lid (3 cm diameter) for ventilation and diet provision. The diets,
515  consisting of a 1 % dilution of fresh and aged cattle urine, four concentrations of urea, as well
516  as two controls, 10 % sucrose and water, were provided directly after 4 dpe. Each diet was
517  pipetted onto dental cotton rolls (DAB Dental AB, Upplands Visby, SE) inserted into 5 ml
518  syringes (Thermo Fisher Scientific, Gothenburg, SE), with the plunger removed, and then
519  placed on top of the Petri dishes (Fig. 1A). The diets were replaced daily. The experimental
520 room was maintained as described above. Surviving mosquitoes were counted twice daily,
521  while discarding dead mosquitoes, until the final mosquito died (n =40 per treatment). The
522  survival of the mosquitoes feeding on the respective diets was analysed using Kaplan-Meyer
523  survival curves and log rank test statistics for survival distribution comparison between diets
524  (IBM SPSS Statistics 24.0.0.0).

525

526  Tethered flight assay

527 A custom-made mosquito flight-mill, based on (Attisano et al., 2015), was made from 5 mm
528  thick clear acrylic panels (10 cm W x 10 cm L x 10 cm H) lacking front and back panels
529  (Fig. 3: top). A pivot assembly, with a vertical tube constructed from a gas chromatography
530  column (0.25 mm i.d; 7.5 cm L) glued to insect pins at both ends, was suspended between a
531  pair of neodymium magnets, 9 cm apart. A horizontal tube made of the same material
532 (6.5 cm L) bisected the vertical tube and created a tethering arm and an arm that carried a small
533  piece of aluminium foil as a photo interruption signal.

534 Prior to tethering, 24 h starved females, were provided access to the diets described
535  above for 30 min. Fully fed female mosquitoes were then individually anaesthetized on ice for
536 2-3 min and glued onto an insect pin using bee’s wax (Joel Svenssons Vaxfabrik AB, Munka
537  Ljungby, SE) on their mesothorax, and then tethered onto the arm of the horizontal tube of the
538  flight-mill. Each flight revolution was logged by a customized data logger, then stored and
539  displayed using the PC-Lab 2000™ software (v4.01; Velleman, Gavere, BE). The flight mill
540  was placed in a climate conditioned room (12 h: 12 h, light: dark, 25 + 2 °C, 65 £ 5 % RH).
541 To visualise the pattern of flight activity, the overall distance flown (m) and the overall
542  number of bouts of continuous flight activity were calculated each hour over the course of a
543 24 h period. In addition, the average distance flown by an individual female was compared
544  among the various treatments and analysed using a one-way analysis of variance followed by a
545  Tukey post hoc analysis (JMP Pro, v14.0.0, SAS Institute Inc.), in which the average distance
546  was considered a dependent variable, while the treatments were the independent factors. More-

547  over, the average number of bouts was also calculated in 10-min increments.
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548

549  Reproductive performance

550  To assess the effect of diet on the reproductive performance of An. arabiensis, six females
551 (4 dpe) were transferred to Bugdorm cages (30 cm x 30 cm X 30 cm) directly after blood feed-
552 ing, and then provided with experimental diets, as described above, for 48 h. Diets were then
553  removed and oviposition cups (30 ml; Nolato Hertila), filled with 20 ml distilled water, were
554  provided on the third day and made available for 48 h, replacing the cups every 24 h. Each diet
555  regime was replicated 20-50 times. The eggs were counted and recorded for each experimental
556  cage. A subsample of eggs was used to assess the average size and variation among the lengths
557  ofindividual eggs (n > 200 per diet) using a Dialux-20 microscope (DM1000; Ernst Leitz Wetz-
558 lar, Wetzlar, DE) equipped with a Leica camera (DFC 320 R2; Leica Microsystem Ltd, DE).
559  The remaining eggs were maintained in a climate-controlled chamber under standard rearing
560  conditions for 24 h, and a subsample of recently emerged 1% instar larvae (n> 200 per diet)
561  were measured, as above. The number of eggs, as well as the size of both eggs and larvae, were
562  compared among the various treatments and analysed using a one-way analysis of variance
563  followed by a Tukey post hoc analysis (JMP Pro, v14.0.0, SAS Institute Inc.).

564

565  Headspace volatile collections from fresh and aged cattle urine

566  Headspace volatiles from fresh (1 h post-sampling), 24 h, 72 h and 168 h aged urine were col-
567  lected from samples collected from Zebu cattle, Arsi race. For convenience and availability, the
568  urine sample collections were carried out early in the morning while the cattle were still in the
569  shed. Urine samples were collected from ten individuals, with 100-200 ml of each sample trans-
570  ferred into separate polyamide roasting bags (Toppits Cofresco, Frischhalteprodukte GmbH
571  and Co., Minden, DE) placed inside a 3 1 polyvinylchloride plastic bucket with a lid. Headspace
572  volatiles from each individual cattle urine sample were either collected directly (fresh) or fol-
573  lowing maturation for 24 h, 72 h and 168 h at room temperature, i.e., each urine sample was
574  represented in each of the age groups.

575 For the headspace volatile collection, a closed loop system was used, by circulating an
576  activated charcoal-filtered airstream (100 ml min!) through the polyamide bag onto an adsor-
577  bent column, using a diaphragm vacuum pump (KNF Neuberger, Freiburg, DE), for 2.5 h. As
578  a control, headspace collection from an empty polyamide bag was performed. The adsorbent
579  column was made of Teflon tubing (5.5 cm x 3 mm i.d.) holding 35 mg Porapak Q (50/80
580 mesh; Waters Associates, Milford, MA, US) between glass wool plugs. The columns were
581  rinsed with 1 ml re-distilled n-hexane (Merck, Darmstadt, DE) and 1 ml pentane (99.0 % pure
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582  solvent GC grade, Sigma Aldrich) before use. Adsorbed volatiles were eluted with 400 pl pen-
583  tane. Headspace collections were pooled and then stored at -20 °C until used for further anal-
584  yses.

585

586  Attraction of Anopheles arabiensis to fresh and aged cattle urine odour

587  Behavioural responses of host-seeking and blood-fed 4An. arabiensis mosquitoes to the head-
588  space volatile extracts collected from fresh, 24 h, 72 h and 168 h aged urine were analysed
589  using a straight glass tube olfactometer (Majeed et al., 2014). The experiments were conducted
590  during the peak host-seeking activity period, ZT 13 -15, of An. arabiensis (Jones et al., 1967).
591  The glass tube olfactometer (80 cm x 9.5 cm 1.d.) was illuminated with red light from above at
592 3+ 1 Ix. A charcoal-filtered and humidified air stream (25 £ 2 °C, 65 + 2 % relative humidity)
593  passed through the bioassay at 30 cm s™!. The air passed through a series of stainless-steel mesh
594  screens to generate a laminar flow and a homogenous plume structure. Dental cotton roll dis-
595  pensers (4 cm x 1 cm; L:D; DAB Dental AB), suspended from a 5 cm wire coil at the upwind
596  end of the olfactometer, were used and the stimulus replaced every 5 min. For the analysis,
597 10 ul of each headspace extract, at a 1:10 dilution, was used as the stimulus. An equivalent
598  amount of pentane was used as a control. Individual host-seeking or blood-fed mosquitoes were
599  placed in separate release cages 2-3 h before the onset of the experiments. The release cage was
600 placed at the down-wind end of the olfactometer, and mosquitoes were allowed 1 min to accli-
601  matize before the butterfly valve of the cage was opened for their release. Attraction to either
602  treatment or control was analysed as the proportion of mosquitoes that made source contact
603  within 5 min after release. Each headspace volatile extract and control was replicated at least
604 30 times, and to avoid any day effect, the same number of treatments and controls were tested
605  on each experimental day. Responses of host-seeking and blood-fed An. arabiensis to the head-
606  space collections were analysed using a nominal logistic regression followed by pairwise com-
607  parisons of the odd’s ratios (JMP Pro, v14.0.0, SAS Institute Inc.).

608

609  Oviposition of Anopheles arabiensis in response to fresh and aged cattle urine odour

610  The oviposition response of An. arabiensis to the headspace extracts of fresh and aged cattle
611  urine was analysed in Bugdorm cages (30 cm % 30 cm % 30 cm; MegaView Science). Plastic
612 cups (30 ml; Nolato Hertila) filled with 20 ml distilled water provided the oviposition substrate,
613  and were placed in opposite corners of the cage, 24 cm apart. The treatment cup was condi-
614  tioned with 10 pl of each headspace extract, at a 1:10 dilution. An equivalent amount of pentane

615  was used to condition the control cup. Treatment and control cups were exchanged in between
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616  each experiment to control for location effects. Ten blood-fed females were released into the
617  experimental cages at ZT 9-11, and the number of eggs in the cups were counted after 24 h. An
618  oviposition index was calculated by: (number of eggs laid in treatment cups — number of eggs
619 laid in the control cups)/(total number of eggs). Each treatment was replicated 8 times.

620

621  Combined gas chromatography and electroantennographic detection (GC-EAD)

622  Combined gas chromatography and electroantennographic detection (GC-EAD) analyses of fe-
623  male An. arabiensis were performed as previously described (Wondwosen et al., 2016). Briefly,
624  an Agilent Technologies 6890 GC (Santa Clara, CA, US), equipped with an HP-5 column (30 m
625 x0.25 mm i.d., 0.25 um film thickness, Agilent Technologies), was used to separate the head-
626  space volatile extracts of fresh and aged urine. Hydrogen was used as the mobile phase at an
627  average linear flow rate of 45 cm s™!. Each sample (2 ul) was injected in splitless mode, for
628 30 s, at an injector temperature of 225 °C. The GC oven temperature was programmed from
629 35 °C (3 min hold) at 10 °C min™! to 300 °C (10 min hold). At the GC effluent splitter, 4 psi of
630  nitrogen was added and split 1:1 in a Gerstel 3D/2 low dead volume four-way cross (Gerstel,
631  Miilheim, DE) between the flame ionization detector and the EAD. The GC effluent capillary
632  for the EAD passed through a Gerstel ODP-2 transfer line, which tracked the GC oven temper-
633  ature plus 5 °C, into a glass tube (10 cm x 8 mm), where it was mixed with charcoal-filtered,
634  humidified air (1.5 1 min~"). The antenna was placed 0.5 cm from the outlet of this tube. Each
635 individual mosquito accounted for a single replicate, and at least three replicates were per-
636  formed for each age of the urine samples, for host-seeking mosquitoes.

637

638  Chemical analysis

639  Bioactive compounds in the headspace collections of fresh and aged cattle urine, eliciting an
640  antennal response in the GC-EAD analyses, were identified using a combined GC- and mass
641  spectrometer (GC-MS; 6890 GC and 5975 MS; Agilent Technologies), operated in the electron
642  impact ionization mode at 70 eV. The GC was equipped with an HP-5SMS UI coated fused silica
643  capillary column (60 m x 0.25 mm i.d., 0.25 pm film thickness), and helium was used as the
644  mobile phase at an average linear flow rate of 35 cm s'!. A 2 ul sample was injected using the
645  same injector settings and oven temperatures as for the GC-EAD analysis. Compounds were
646  identified according to their retention times (Kovéat’s indices) and mass spectra, in comparison
647  with custom-made and NIST14 libraries (Agilent). Identified compounds were confirmed by
648  the injection of authentic standards (Supplementary Table 2). For quantification, heptyl acetate
649 (10 ng, 99.8 % chemical purity, Aldrich) was injected as an external standard.
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650

651  Behavioural assays with synthetic odour blends

652  To assess the efficacy of the synthetic odour blends, composed of the bioactive compounds
653  identified in fresh and aged urine, to attract host-seeking and blood-fed An. arabiensis, the same
654  olfactometer and protocol were used as described above. The synthetic blends mimicked the
655  composition and ratio of compounds in the pooled headspace volatile extracts of fresh, 24 h,
656 48 h, 72 h and 168 h aged urine (Fig. 5D-G; Supplementary table 2). For the analysis, 10 ul of
657  a1:100 dilution of the full synthetic blends, at overall release rates ranging from approximately
658  140-2400 ng h'!, were used to assess attraction of host-seeking and blood-fed mosquitoes.
659  Thereafter, subtractive blends, in which single compounds of the full blend were removed, were
660 tested against the full blend. Responses of host-seeking and blood-fed An. arabiensis to the
661  synthetic and subtractive blends were analysed using a nominal logistic regression followed by
662  pairwise comparisons of the odd’s ratios (JMP Pro, v14.0.0, SAS Institute Inc.).

663

664  Assessment of Cattle Urine Odour as a Host Habitat Cue

665  To assess whether cattle urine serves as a host habitat cue for malaria mosquitoes, fresh and
666  aged cattle urine, collected as above, as well as water, were placed into mesh-covered 3 1 buck-
667  ets (100 ml), with side perforations, and set on top of host decoy traps (BG-HDT version; Bio-
668  Gents, Regensburg, DE). The ten traps were placed 50 m apart in a pasture, separated 400 m
669  away from a village community (Sile, Ethiopia, 5°53"24"'N, 37°29'24"'E) and devoid of cattle,
670  situated between the permanent breeding site and the village. Five traps were heated to simulate
671  the presence of a host, while five traps remained unheated. The position of each treatment was
672  rotated nightly for a total of five nights. Comparisons among the number of mosquitoes caught
673  in traps baited with different ages of the urine were made using logistic regression with a beta
674  binomial distribution (JMP Pro, v14.0.0, SAS Institute Inc.).

675

676  Field Evaluation of Synthetic Cattle Urine Odour

677  The efficacy of the synthetic 24 h cattle urine odour blend to attract wild mosquitoes in the field
678  was assessed in a malaria-endemic village nearby the town of Meki in the Oromia region of
679  Ethiopia (8°11°08"'N, 38°81°70"'E; Fig. 6A). The study was conducted between mid-August
680  to mid-September prior to the annual indoor residual spraying, in conjunction with the long
681  rainy season. Five pairs of houses (20-50 m apart), located in the periphery of the village were
682  selected for the study (Fig. 6A). The criteria used to select the houses were: no animals were

683  allowed to be kept inside the houses, no cooking (smoking fire wood or charcoal) was allowed
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684  indoors (at least during the trial period), and houses with a maximum of two inhabitants, sleep-
685  ing under a non-insecticide treated bed nets. Ethical approval was obtained from the Institu-
686  tional Research Ethics Review Board, College of Natural Sciences, (CNS-IRB), Addis Ababa
687  University (IRB/022/2016), according to the guidelines set out by the World Medical Associa-
688  tion Declaration of Helsinki. Consent from each household head was obtained with assistance
689  of health extension workers. The whole process was endorsed by the local administration at
690  district and ward ("Kebele") level. The experimental design followed a 2 X 2 Latin square de-
691  sign, in which the synthetic blend and control were assigned to paired houses at the first night
692  and exchanged between the houses on the next experimental night. This procedure was repli-
693  cated ten times. In addition, to estimate the activity of mosquitoes in the selected houses, CDC
694  traps, without synthetic blend dispensers, were set to operate during the same hours of the day,
695  at the beginning, middle and end of the field trials for five nights.

696 The synthetic blend, containing the six bioactive compounds in their natural ratio
697  (7:9:156:156:1:4; Fig. 5D-G; Supplementary table 2) was dissolved in heptane (97.0 % solvent
698 GC grade, Sigma Aldrich), and released at 140 ngh'! using cotton wick dispensers
699  (Wondwosen et al., 2016). The wick dispensers allow for the release of all compounds in con-
700  stant proportions throughout the 12 h experiment. Heptane was used as a control. The vials
701  were suspended next to the entrance point of a Center for Disease Control and Prevention
702 (CDC) light trap (John W. Hock Company, Gainesville, FL, US; Fig. 6A). The traps were sus-
703  pended 0.8 — 1 m above the ground next to the foot side of a bed with a volunteer sleeping under
704  an untreated bed net and operated between 18h00 and 06h30. Caught mosquitoes were sorted
705 by sex and physiological state (unfed, fed, semi-gravid and gravid (WHO, 1975). Subsequently,
706  the mosquitoes were identified morphologically to species (Gillies and Coetzee, 1987; Verrone,
707  1962) and placed in 1.5 ml microfuge tubes with dry silica gel. Five per cent of the mosquitoes
708  that were morphologically identified as An. gambiae s.1. were subsequently screened using pol-
709  ymerase chain reaction (PCR) analysis to identify the member of the species complex (Wilkins
710 et al., 2006). To assess the effect of treatment to that of the control in the field studies, trap
711  captures of the paired houses were analysed using a nominal logistic fit model, in which attrac-
712 tion was the dependent variable and treatment (synthetic blend vs. control) the fixed effect
713 (JMP® 14.0.0. SAS Institute Inc.). Here, we report the 2 and p-value from the Likelihood Ratio
714 Test.

715
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Supplementary files

Supplementary table 1: Species, sex and gonotrophic state of the mosquitoes captured in

CDC light traps baited with the synthetic odour blend of 24 h aged cattle urine or heptane

control.
Host- Semi-
seeking | Blood fed| gravid Gravid Males

Anopheles arabiensis 466 154 30 71 29

CDC light traps Anopheles pharoensis 141 25 14 23 5

Culex spp. 562 100 19 17 9

] ] ] Anopheles arabiensis 879 363 85 109 37

CDC IlghttthratFJS ;)lalt(;d with Anopheles pharoensis 471 123 29 62 26
Synthetic bien Culex spp. 757 164 22 57 12

Supplementary table 2.

ioural analyses.

Synthetic compounds used for

electrophysiological and behav-

Compound Compound class CAS No. Purity (%) | Supplier
2-ethyl-1-hexenol aliphatic alcohol 104-76-7 99 Sigma-Aldrich
decanal” aliphatic aldehyde 112-31-2 98 Sigma-Aldrich
3-nonen-2-one aliphatic ketone 18402-83-0 | 95 Sigma-Aldrich
2-cyclohexen-1-one” | cyclic, aliphatic ketone 930-68-7 96 VWR

phenol” aromatic alcohol 108-95-2 99.5 Sigma-Aldrich
m-cresol” aromatic alcohol 108-39-4 97 Sigma-Aldrich
p-cresol” aromatic alcohol 106-44-5 99 Sigma-Aldrich
4-ethylphenol aromatic alcohol 123-07-9 99 Sigma-Aldrich
S-(—)-limonene monoterpenic hydrocarbon | 5989-54-8 | 95 Sigma-Aldrich
linalool” monoterpenic alcohol 78-70-6 97 Sigma-Aldrich
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884  Supplementary figure 1: Blood-fed Anopheles arabiensis display no oviposition preference
885  for the headspace volatile extracts of fresh and aged cattle urine. Letter designations indi-
886  cate no significant difference from one another (one-way analysis of variance with a Tukey’s
887  post hoc analysis; p > 0.05). Error bars indicate the standard error of the proportion.
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891  Supplementary figure 2. Behavioural responses of host-seeking (A) and blood-fed (B)
892  Anopheles arabiensis to the full and subtractive synthetic blends of 24 h aged cattle urine.
893  The removal of single components from the synthetic blend (open circles) differentially and
894  significantly affected the response of the females from both physiological states. Different low-
895  ercase letters indicate significant differences as determined by a one-way analysis of variance
896  followed by a Dunnett’s post hoc analysis (p < 0.05). Error bars represent the standard error of
897  proportion.
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Supplementary figure 3. Cattle urine enhances host decoy trap catches only in the pres-
ence of the host cue, heat. Host decoy traps only caught malaria mosquitoes in a deserted
pasture between the breeding site and the village in the presence of both heat and cattle urine

(fresh or aged), but not either alone. Error bars indicate the standard error of the mean.
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