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Abstract

Collecting blood-fed mosquitoes to monitor pathogen presence or to gather information

on the host blood meal is often challenging. Fermenting molasses can be used to pro-

duce carbon dioxide to attract host-seeking mosquitoes, however, earlier work indicated

that it may also attract blood-fed mosquitoes in the field. In the current study, these field

results were validated in an experimental setting using a large cage setup with Anopheles

coluzzii (Diptera, Culicidae). Blood-fed mosquitoes were indeed attracted to fermenting

molasses with the highest attraction at 72 hours post feeding, which was used for subse-

quent experiments. Next, it was tested if fermentation of molasses is required for attrac-

tion, and whether it acts as an oviposition attractant, increases egg laying, or increases

mosquito survival. The compounds that could be responsible for attraction were identi-

fied by combined electrophysiology and chemical analyses and formulated into a syn-

thetic blend. Fermenting molasses attracted blood-fed mosquitoes in the large cage

study, while fermenting sugar and non-fermenting molasses did not. The fecundity of

blood-fed mosquitoes increased after feeding on fermenting molasses, however, com-

pounds emanating from molasses did not trigger oviposition. The synthetic blend

attracted blood-fed mosquitoes and may be used to determine mosquito host selection

and for xenomonitoring, as ‘flying syringes’ to detect non-vector borne pathogens.
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INTRODUCTION

When searching for a host, mosquitoes may express an opportunistic

feeding behaviour or a more specific preference for certain (groups

of) species, such as reptiles, birds or mammals (Wolff & Riffell, 2018).

This host preference is an important determinant of the vectorial

capacity of a mosquito species; for example, the highly anthropophilic

mosquito species Anopheles gambiae sensu stricto and Aedes aegypti

comprise two of the most important vectors of human pathogens

(Takken & Knols, 2010; Takken & Verhulst, 2013). However, whether

a host will be bitten is not only determined by the host preference of

the mosquito, but also by other factors, such as host availability and

abundance, which may lead to selection of a host that is different

from the preferred host (Takken & Verhulst, 2013; Wooding

et al., 2020; Yan et al., 2021). Since host selection plays an important

role in pathogen transmission, it is critical to collect blood-fed mosqui-

toes and determine their bloodmeal host. In addition, the collection of

blood-fed mosquitoes can be used for so-called xenodiagnostics or

xenomonitoring, whereby the blood meal of the mosquito can be used

to detect (non-vector borne) pathogens or their antibodies

(Cameron & Ramesh, 2021; Fauver et al., 2017; Štefani�c et al., 2022).

The development of xenomonitoring systems with blood-fed
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mosquitoes, may contribute to early warning systems for emerging

infectious diseases (Cameron & Ramesh, 2021). Unfortunately, cur-

rent methods for collecting blood-fed mosquitoes are inefficient and

often biased. For example, catching blood-fed mosquitoes inside

houses, followed by determining the origin of their bloodmeals, is

biased because catches are done near the host inside the house

(Fikrig & Harrington, 2021; Takken & Verhulst, 2013). Alternatives for

the collection of blood-fed mosquitoes can be the use of resting

boxes (Qiu et al., 2007), gravid traps (Opoku et al., 2018), pit shelters

(Kweka & Mahande, 2009), or barrier screens (Keven et al., 2021),

deployed either indoors or outdoors in which (blood-fed) mosquitoes

become trapped (Burkot et al., 2013). However, catch rates with these

methods are often low, which can be a result of trap type or other fac-

tors, such as mosquito density, behaviour, trapping times, placement

of the trap, weather conditions, and so forth.

When catching host-seeking mosquitoes, carbon dioxide (CO2) is

an important cue and is often used as an attractant (Cardé, 2015;

Coutinho-Abreu et al., 2021). Interestingly, when using fermenting

molasses as a cheaper alternative to sugar fermentation to produce

CO2, blood-fed mosquitoes are also caught. In a study by Mweresa

et al. (2014), the number of blood-fed A. gambiae sensu lato caught

outdoors with MM-X traps was about four times higher than the num-

ber of blood-fed mosquitoes caught with fermenting sugar, and not

significantly different from the number of unfed mosquitoes caught.

As it remained unknown which factors contributed to these cap-

tures, we aimed to validate the field results in a laboratory large cage

setup with Anopheles coluzzii (Diptera, Culicidae) mosquitoes. Next, to

understand the mechanism underlying why blood-fed mosquitoes are

attracted to fermenting molasses, we tested whether fermenting

molasses (i) acts as an oviposition attractant, (ii) increases oviposition

and/or (iii) increases mosquito survival. Finally, a synthetic fermenting

molasses odour blend was identified by using combined gas chroma-

tography (GC) and electroantennographic detection (GC–EAD),

together with combined GC and mass spectrometer (GC–MS) ana-

lyses. This synthetic lure was assessed in olfactometer experiments to

determine the behavioural response of blood-fed mosquitoes.

MATERIALS AND METHODS

Mosquitoes

The laboratory colony of A. coluzzii originated from Suakoko, Liberia

and was maintained at 27 � 1�C and 80 � 5% relative humidity with

a photo-scotophase of 12:12 h. Adults were kept in cages (30 � 30

� 30 cm3, Bugdorm, MegaView Science, Taiwan) and provided 6%

glucose solution. Mosquitoes were fed daily with human blood

(Sanquin Blood Bank, The Netherlands) through a Hemotek PS5 mem-

brane feeder (Hemotek Ltd., UK) set at 38�C, with the addition of 5%

CO2 and a worn sock to mimic a human host. In the cages, females

could lay eggs on wet filter paper and afterwards the eggs were trans-

ferred to trays with water, supplemented with Liquifry No. 1 (Interpet

Ltd., UK), before hatching. Larvae were fed daily with Tetramin fish

food (Tetrawerke, Germany). Pupae were removed from the trays and

allowed to emerge inside the Bugdorms used for maintaining adults.

Adult female mosquitoes of 5–8 days post-emergence were collected

and used for experiments, unless indicated otherwise. Adult mosqui-

toes for the GC–EAD analysis were reared similarly with minor modi-

fications as described by Omondi et al. (2015).

Preparation of fermenting molasses and fermenting
sugar

Mixtures were made according to Smallegange et al. (2010): 250 g

sugar (Van Gilse Kristalsuiker, Suiker Unie, The Netherlands) or 250 g

molasses (Mulder Agro, The Netherlands) was mixed with 17.5 g yeast

(Bio Speciaal, The Netherlands) and 2 L tap water. The components

were mixed in 5 L plastic containers by shaking them for 30 s under

ambient conditions (Mweresa et al., 2014). Mixing took place 1–1.5 h

prior to releasing the mosquitoes into the bioassays, to ensure suffi-

cient CO2 production during the experiments.

Attractiveness of fermenting molasses to blood-fed
mosquitoes

A single-choice experiment was performed to test at which moment

after blood-feeding mosquitoes were most attracted to fermenting

molasses, and to confirm previous results obtained in the outdoor

experiments by Mweresa et al. (2014). One group of 280 mosquitoes

was offered a blood meal whereas another group of 200 mosquitoes

was not blood-fed. Female mosquitoes used were at least 5 days

post-emergence, to ensure that all had mated, and a maximum of

8 days post-emergence. Mosquitoes that did not take a bloodmeal

were removed from the cage. All mosquitoes were provided with a

6% glucose solution until their release. Experiments were performed

in a 3.0 � 3.0 � 3.0 m3 textile screen cage in a climate-controlled

room (25 � 1�C and 75 � 5% relative humidity) (Smallegange

et al., 2010). Inside the cage, a BG-Suna trap (Biogents AG,

Germany) (Hiscox et al., 2014), which contained a sock previously

worn for 12 h (40 Den, 100% polyamide, HEMA, The Netherlands)

providing human odour, was placed in the middle of the cage at a

height of 30 cm. The 5 L plastic container with either fermenting

molasses or sugar was placed next to the BG-Suna trap, with a tube

connected to the CO2 connection of the trap. In the first trial, fer-

menting sugar was used as an attractant and in a second trial, fer-

menting molasses was used. Mosquitoes were tested at 24, 48 and

72 h after blood-feeding. At each time point, a group of 50 blood-

fed and 50 non-blood-fed mosquitoes were released in the textile

cage. Since the blood would largely be digested by the mosquitoes

during the trial, the groups that were released 72 h after the start

were colour-marked in order to distinguish between blood-fed and

non-blood-fed mosquitoes. These were marked using fluorescent

powder as described previously, which has no effect on mosquito

behaviour (Verhulst et al., 2013).

2 VERHULST ET AL.
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Before, during and after releasing mosquitoes, the concentra-

tion of CO2 was measured to exclude variation in CO2 production

as a factor explaining the observed effects. The concentration was

measured by placing a CO2 meter (Vaisala CARBOCAP® Hand-

Held CO2 Meter GM70) 5 cm inside the CO2 tube of the BG-

Suna trap.

Around 2 h after releasing the mosquitoes in the textile screen

cage, the BG-Suna trap and release cages were closed. Mosquitoes

were killed by freezing in order to count the trapped mosquitoes

and mosquitoes that did not leave the release cages. The mosqui-

toes in the textile screen cage that were not caught in the trap

were recaptured by mouth aspiration. The number of mosquitoes

which left the release cages were subtracted from the total num-

ber of mosquitoes. After freezing, the mosquitoes were counted,

and their abdominal status (blood-fed or non-blood-fed)

determined.

In a second experiment it was determined whether fermenta-

tion is required to attract blood-fed mosquitoes. Procedures were

similar to those described with both fermenting molasses and fer-

menting sugar being retested. In addition, mixtures of water and

molasses or water and sugar were assessed with the yeast kept

separately nearby, so that no fermentation occurred. Groups of

50 mosquitoes were released 72 h after blood-feeding. Each treat-

ment was tested four times on four different days according to a

4 � 4 Latin square design.

All experiments were performed while wearing gloves to pre-

vent human odour contamination. In between experiments, traps

were cleaned with 70% ethanol and aired to remove any residual

odours.

Molasses as an oviposition attractant

Dual-choice oviposition experiments were performed in Bugdorm

cages located ina climate-controlled room (25 � 1�C and 75 � 5% rel-

ative humidity) to establish whether fermenting molasses may act as

an oviposition attractant to female A. coluzzii. Each cage contained

one blood-fed mosquito that was fed 24 h in advance. Each cage con-

tained a vial of 6% glucose solution and four oviposition cups with

two different treatments (Figure S1). Treatments were randomized

among and within the cages. The oviposition cups consisted of a plas-

tic cup (height: 3 cm, diameter: 5 cm) and an inner cup (height:

2.25 cm, diameter: 2.25 cm) used to prevent the oviposition paper

getting into direct contact with the treatment in the oviposition cup.

The wet filter paper, on which the mosquitoes could lay their eggs,

was placed inside the water-filled inner cup (Figure S1).

Cups were filled with 0.175 g yeast and 20 ml water, together

with either 2.5 g sugar (fermenting sugar treatment) or 2.5 g molasses

(fermenting molasses treatment). The control oviposition cups were

filled with tap water only. Fresh fermenting molasses, sugar and water

were provided daily to each cage. Each day, until 94 h after blood-

feeding, eggs laid on the filter papers were counted. Each treatment

combination was tested 14 times.

Molasses as a factor affecting fitness

Experiments were conducted to assess whether molasses acts as a

nutritional source affecting the number of eggs laid or enhance adult

survival. To determine the effect of different treatments on egg laying,

blood-fed mosquitoes were offered a fermenting molasses solution, a

fermenting sugar solution or water alone as a control. Before blood-

feeding, mosquitoes (male and female) were kept together in a cage

and provided a vial with a 12.5% glucose solution for 4 days. On Day

5, groups of 60 female mosquitoes were transferred to three Bugdorm

cages with the different solutions and provided with blood for 2 h, as

described above. The mosquitoes that did not feed on the blood were

enumerated and removed from each cage. The blood-fed mosquitoes

were kept in the cage for two additional days and provided with fresh

fermenting molasses, sugar or water daily. Thereafter, 20 blood-fed

females were selected from each cage and transferred to individual

50 ml Falcon tubes for 72 h for egg laying. The oviposition tubes con-

tained a few millilitres of water to wet the filter paper on which the

mosquitoes could lay eggs. The respective treatments (fermenting

molasses, fermenting sugar and water) were also provided to the indi-

vidual mosquitoes in the oviposition tube through a piece of cotton

with a strip of towel on top that were both moistened with the treat-

ment. Freshly treated cotton and towels were provided daily. Five repli-

cates of the three different mosquito groups were carried out for all

treatments. Egg laying and survival of individual mosquitoes in their ovi-

position tubes was recorded for 6 days.

Headspace volatile collection

Headspace samples were prepared in a 5 L polyamide bag (Toppits,

Cofresco, Germany), kept in a 5 L bucket, by mixing 125 g molas-

ses (Granngården, Sweden) or sugar (DanSukker, Sweden) and

100 ml distilled water, and then 8.75 g dry yeast (Kron Jäst,

Sweden) was added to the mix. For the control, 125 g molasses or

sugar and 100 ml distilled water was mixed, and the dry yeast was

suspended in a fine-mesh sachet (100 μm mesh size) above the

mix. In addition, an empty bag was used as a negative control. Mix-

ing took place 2 h before headspace sampling, at room tempera-

ture, to ensure fermentation. A charcoal-filtered continuous

airstream (0.5 L min�1) was pushed into the bag by a diaphragm

vacuum pump (KNF Neuberger, Germany), over the sample and

into an aeration column, in a closed loop, for 3 h. The aeration col-

umn was made of Teflon tubing (6 cm � 3 mm internal diameter),

filled with 30 mg of Porapak Q (50/80 mesh Alltech Associates,

Inc., USA) between polypropylene wool plugs and Teflon stoppers.

The columns were rinsed with 1 ml dichloromethane (Merck,

Germany), 1 ml redistilled n-hexane (Merck) and 2 ml pentane

(puriss pro ana; Sigma-Aldrich Chemie GmbH, Germany) prior to

use. Adsorbed volatiles were eluted with 400 μl pentane. For both

treatment and controls, five replicates were collected. The head-

space samples were stored at �20�C in 4 ml glass vials until further

analyses.

MOLASSES TO ATTRACT BLOOD-FED MOSQUITOES 3
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Electrophysiological and chemical analyses

Bioactive volatile organic compounds within the headspace of fer-

menting molasses and sugar were identified using GC–EAD analysis,

as previously described (Wondwosen et al., 2016). In short, the head

of a blood-fed A. coluzzii was excised, and a pulled glass microcapillary,

serving as the reference electrode, filled with Beadle–Ephrussi ringer

solution, was inserted into the foramen. The distal segment of the

antenna was then cut and inserted into a recording electrode filled

with the same ringer solution. The recording electrode was connected

to a pre-amplifier (10�), which in turn was connected to a high imped-

ance DC amplifier interface box (IDAC-2; Syntech, Germany). After

mounting the antenna, 2 μl of a pooled extract, comprising all head-

space collections, of fermenting molasses or sugar was injected onto

the GC (Agilent Technologies 6890 GC, USA), equipped with an HP-5

column (30 � 0.25 mm2 i.d., fused silica, 0.25 μm film thickness, Agi-

lent Technologies) in splitless mode (30 s, injector temperature

225�C). Hydrogen was used as the mobile phase at an average linear

flow rate of 45 cm/s. The GC oven temperature was set from 40�C

(3 min hold) at 10�C/min to 250�C (5 min hold). The GC effluent was

split 1:1 in a Gerstel 3D/2 low dead volume four-way cross (Gerstel,

Germany) between the flame ionization detector and the EAD. The

GC effluent for the EAD passed through a Gerstel ODP-3 transfer

line, which tracked the GC oven temperature, into a glass tube

(10 cm � 8 mm), where it was mixed with charcoal-filtered, humidi-

fied air (1.5 L/min). The distal end of this glass tube was placed 0.5 cm

from the antennal preparation. Three consistent replications were col-

lected and analysed using GC–EAD 2011 software (V.1.2.3, Syntech,

Kirchzarten, Germany).

The bioactive volatile organic compounds in the pooled head-

space extract of fermenting molasses and sugar determined through

GC–EAD analysis were identified using a GC–MS (6890GC and

5975MS or 7890GC and 5975MS; Agilent Technologies), operated in

the electron impact ionization mode at 70 eV. The GC was equipped

with either of two fused silica capillary columns (30 m � 0.25 mm

i.d. � 0.25 μm film thickness) coated with DB-Wax or HP-5 (Agilent

Technologies). Helium was used as carrier gas at a linear flow rate of

35 cm/s. Two microlitres of either the pooled extract of fermenting

molasses or sugar and the two controls were injected. The GC oven

temperature program was the same as for the GC–EAD analysis.

Compounds were identified according to Kovats’ retention index and

mass spectra, in comparison to custom-made and NIST14 libraries

(Agilent). The identified bioactive compounds of fermenting molasses

were confirmed by co-injection of authentic standards (Table 1). Co-

injection of an internal standard, 100 ng heptyl acetate (99.8%; Merck,

Solna, Sweden) was used for quantification.

Attractiveness of a synthetic blend in an olfactometer

The bioactive compounds identified from the fermenting molasses

were combined in a synthetic blend and tested in a triple layered,

dual-choice olfactometer for their attractiveness to blood-fed

A. coluzzii. The synthetic blend consisted of seven compounds diluted

in pentane in different ratios, based on the area under the peak, as

determined by the GC–MS analysis (Table 1). The 2-Ethyl-6-methyl

pyrazine was not included as it was not commercially available. The

synthetic odour blend was tested in a dose-dependent manner, using

five doses in half decadic steps (but same ratios). The synthetic blend

was released from wick dispensers, using 1.5 ml glass vials (GeneTec

AB, Sweden), with wicks constructed of 5 cm � 1.5 mm Teflon tubing

lined with a cotton thread (Safran Drops, The Netherlands) inserted

through the lids (Birgersson et al., 2012). Each vial contained 1 ml of

the synthetic blend and was stored at �20�C between experiments.

Fermenting molasses was included as a positive control and prepared

as described for the large cage experiments.

Experiments in triple layered, dual-choice olfactometers (each

layer measuring 1.60 � 0.66 � 0.43 m3) were performed as described

by Verhulst et al. (2018). Blood-fed mosquitoes were released in the

olfactometer 72 h after the bloodmeal in groups of 35. The trapping

T AB L E 1 The compounds identified in the gas chromatography–electroantennographic detection analysis and used for the synthetic blend

Compound name
Chemical Abstract
Service (CAS) num

Purity
(%)

Retention
time (N)

Kovats’
index

Reference
(Nist) Peak area

Synthetic
blend (ng/μl)

Isoamylacetate 123-92-2 ≥97 7.243 867.89 867 15,129,098 4.5

Styrene 100-42-5 ≥98 7.619 888.81 889 117,757,074 35.0

Alpha-pinene 80-56-8 ≥98 8.514 935.05 935 3,665,071 1.0

2-Ethyl-6-methyl

pyrazinea
13925-03-6 9.767 998.33 998 23,611,779 –

2,3,5-Trimethylpyrazine 14667-55-1 ≥99 9.859 998.64 990 29,177,107 8.8

Ethyl caprylate 106-32-1 ≥98 12.015 1192.49 1192 41,365,682 12.3

Caprolactam 105-60-2 99 13.552 1267.95 1252.9 38,407,420 11.5

Ethyl decanoate 110-38-3 ≥98 14.916 1396.52 1396 9,304,439 2.8

Note: Concentrations used in synthetic blend are based on the gas chromatography peak areas, as compared to the internal standard.

All compounds were ordered from Sigma-Aldrich, Germany.
aNot included in the synthetic blend because it was not commercially available.

4 VERHULST ET AL.
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devices on the upwind side of the olfactometer contained a vial with

the synthetic blend or a control with the solvent only. The fermenting

molasses was tested by inserting a 1.5 m silicon tube from the fer-

menting 5 L container into the trapping device of the olfactometer. In

this case, the control was an empty trapping device. Each treatment

was repeated six times and the samples were alternated between

trapping devices and olfactometers to minimize positional effects.

Statistics

Differences in the CO2 production between fermenting molasses and

fermenting sugar at different time points were tested with a linear

mixed model (LMM) with time as repeated measure, after verifying

the normal distribution of the data. To test at which moment after

blood-feeding mosquitoes were most attracted to fermenting molas-

ses, Z-tests were used to compare the number of mosquitoes that

were captured when exposed to the different CO2 sources.

A generalized linear model (GLM, binomial distribution, logit link

function) was used to analyse the differences in trap catches in large

cage experiments when assessing whether fermentation is required

for the attraction of blood-fed mosquitoes. Parameters fitted in this

model were the effect of day of release, temperature, relative humid-

ity and time of release. Differences in the number of eggs laid in the

two-choice oviposition experiments were analysed with a Wilcoxon

signed rank test. The difference in egg laying following feeding on dif-

ferent treatments was compared using a Kruskal–Wallis test, followed

F I GU R E 1 Effect of fermenting molasses and sugar on the
percentage of blood-fed mosquitoes caught in large cage
experiments. Mosquitoes were fed 72 h in advance. Numbers on top
indicate the number of mosquitoes that left the release cage.
Different letters above the boxplots indicate statistically significant
differences (generalized linear model, df = 9, p < 0.05)

F I G U R E 2 Oviposition response of mosquitoes to volatiles from
fermenting molasses and sugar. Boxplots show two-choice tests with

individual mosquitoes: (a) control versus control (N = 13), (b) control
versus fermenting molasses (N = 12) and (c) control versus fermenting
sugar (N = 9). p-Values are indicated (Wilcoxon signed rank test)
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by post hoc pairwise comparisons with Bonferroni correction. Differ-

ences in the effect of different treatments on mosquito survival were

analysed using Kaplan–Meier analysis.

The attractiveness of the synthetic blend to blood-fed mos-

quitoes in the olfactometer was tested with a GLM (binomial dis-

tribution, logit link function, dispersion estimated) as described

previously (Verhulst et al., 2018). The 95% confidence interval

derived from the GLM of the predicted proportion of mosquitoes

choosing the odour sample was used to assess whether mosquito

choice differed from a 50:50 distribution (Robinson et al., 2018).

The effects of temperature, humidity and position of treatment in

the olfactometer, and their interactions were included as parame-

ters in the model when significant. p-Values below 0.05 were con-

sidered significant and GLM models were compared using the

corrected Akaike’s information criterion. Analyses were per-

formed with SPSS (IBM SPSS Statistics for Windows, Version

27.0, USA).

RESULTS

Attractiveness of fermenting molasses to blood-fed
mosquitoes

An increase in CO2 production over time was detected when sugar or

molasses was fermenting (LMM, df = 29, p < 0.001), indicating that

differences in CO2 production could affect the behaviour of blood-fed

mosquitoes. However, no differences in CO2 production were

detected between the two methods of fermentation (LMM, d = 29,

p = 0.680, Figure S2). Optimal trapping of blood-fed mosquitoes with

fermenting molasses occurred 72 h after blood-feeding and was sig-

nificantly higher than the number of blood-fed mosquitoes caught

with fermenting sugar (Z-test, χ 2 = 7.109, p = 0.008, Figure S3).

When similar tests were performed with non-blood-fed mosquitoes,

no differences between fermenting molasses and fermenting sugar

were found (Z-test, χ 2 = 1.035, p = 0.215, Figure S4).

Fermentation of molasses increased the attraction of blood-fed

(72 hours post-feeding [hpf]) mosquitoes. On average, blood-fed mos-

quitoes were caught in higher numbers in traps baited with ferment-

ing molasses (79 � 11%), compared to those caught in traps without

yeast (24 � 9%) or molasses (32 � 22%; GLM, df = 9, p < 0.001,

Figure 1). Fermenting sugar traps caught a significantly lower number

of mosquitoes (31 � 7%) than fermenting molasses traps (GLM,

df = 9, p < 0.001), but not lower than traps baited with the other

treatments (GLM, df = 9, p > 0.662, Figure 1). Although the time after

feeding was the same for all treatments, the day of testing had a sig-

nificant effect on the number of mosquitoes caught, and was included

as a fixed factor in the GLM (df = 9, p < 0.015).

Oviposition experiments with molasses

In two-choice experiments, significantly fewer eggs were found in

oviposition cups with fermenting molasses compared to cups con-

taining water alone (Wilcoxon signed rank test, Z = �2.277,

p = 0.023, Figure 2b). Similarly, significantly fewer eggs were laid in

the oviposition cups with fermenting sugar compared to the control

(Z = �2.192, p = 0.028, Figure 2c).

Effect of fermenting molasses and sugar on mosquito
fitness

Of the three groups of 100 blood-fed mosquitoes, which had access

to the different treatments after their bloodmeal, 81% laid eggs when

they had access to fermenting molasses, 59% when they had access

to fermenting sugar and 44% when they were offered water only.

The treatments had a significant effect on mosquito egg laying

F I GU R E 3 Effect of fermenting molasses and sugar on reproduction and survival. (a) Boxplot showing the effect of fermenting molasses
(N = 81), fermenting sugar (N = 59) or water (N = 48) on the egg laying of Anopheles coluzzii (Kruskal–Wallis pairwise comparison). (b) Survival of
mosquitoes with access to fermenting molasses, fermenting sugar or water (N = 60 for each treatment). All survival curves were significantly
different (p < 0.001, Kaplan–Meier)
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(Kruskal–Wallis: H[2] = 33.505, p < 0.001, Figure 3a), and pairwise

comparisons showed that access to fermenting molasses significantly

increased the number of eggs laid compared to those provided with

sugar or water alone (p < 0.001 and p = 0.002, respectively,

Figure 3a). There was no difference between the number of eggs laid

when the mosquitoes had access to fermenting sugar or water only

(p = 0.227, Figure 3a).

Survival of mosquitoes was the longest when they had access to

fermenting sugar. Around 50% of the mosquitoes survived for

≥10 days with access to fermenting sugar water, which was signifi-

cantly longer than the median survival of 5 days with access to fer-

menting molasses (χ 2[1] = 240.03, p < 0.001, Figure 3b). When

mosquitoes only had access to water, they had a median survival of

3 days, which was significantly lower than with access to fermenting

molasses or with access to fermenting sugar (both p < 0.001,

Figure 3b).

GC–EAD and GC–MS analyses identify behaviourally
active compounds in fermenting molasses

Using GC–EAD, the antennal response of blood-fed A. coluzzii to pooled

headspace extracts of fermenting molasses and sugar were recorded.

The bioactive compounds were identified as isoamylacetate, styrene,

alpha-pinene, 2-ethyl-6-methyl pyrazine, 2,3,5-trimethylpyrazine, ethyl

caprylate, caprolactam and decanoic acid, ethyl ester compounds

(Table 1, Figure 4). These bioactive compounds were not found in the

extracts of fermenting sugar, except for caprolactam (Figure S5). The

release rates of the bioactive compounds were assessed in comparison

with an internal standard. A synthetic blend containing the bioactive

compounds, except 2-ethyl-6-methyl pyrazine, at the ratio determined

by GC–MS was generated and then tested in an olfactometer for its

attractiveness for blood-fed A. coluzzii.

Attractiveness of a synthetic blend in an olfactometer

The fermenting molasses and three of the five doses of the synthetic

blend attracted significantly more blood-fed (72 hpf) mosquitoes than

the control (GLM, df = 30, p < 0.001, Figure 5). The 0.3 and 0.01 con-

centrations of the synthetic blend were the only two treatments not

different from 50:50 ratio. The percentage of mosquitoes caught in

both trapping devices, as compared to all mosquitoes released

(response), was highest when fermenting molasses or the two highest

F I GU R E 4 Combined gas chromatography–electroantennographic detection (GC–EAD) analysis identifies the bioactive compounds in
fermenting molasses to which Anopheles coluzzii responds. Top: trace indicates the flame ionization detection chromatogram of the GC. Bottom:
reproducible antennal responses to bioactive compounds as identified by EAD analysis (see also Table 1).

F I G U R E 5 Dose dependent response of Anopheles coluzzii to a
synthetic molasses blend 72 h after blood-feeding. The synthetic
blend consisted of seven compounds at the identified ratios based on
the gas chromatography–mass spectrometer analysis (see also
Table 1). Fermenting molasses was included as a positive control. For
each replicate, 35 blood-fed A. coluzzii were released. Predicted
proportion of trapped mosquitoes and error bars (generalized linear
model [GLM]) are presented (n = 6). The response is the total number
of mosquitoes caught in both trapping devices as percentage from the
total released. Asterisks indicate treatments that were different from
a predicted 50:50 distribution, as determined by 95% two-sided
confidence intervals (GLM)
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concentrations of the synthetic blend were tested, although no signifi-

cant difference between treatments and control were observed (GLM,

df = 26, p = 0.393, Figure 5). The response was lowest at the lowest

concentration of the synthetic blend (Figure 5).

DISCUSSION

In an earlier field study, traps baited with fermenting molasses caught

a high proportion of blood-fed mosquitoes (Mweresa et al., 2014). In

the present study, these results were confirmed in large cage labora-

tory experiments, which showed that traps baited with fermenting

molasses catch, on average, 79% of the blood-fed (72 hpf) mosquitoes

released. Fermenting the molasses was essential to achieve this catch

rate, as treatments with the yeast separated from the mixture reduced

the number of blood-fed mosquitoes caught, compared to the num-

bers caught with fermenting sugars.

Since the attraction of fermenting molasses for mosquitoes

seemed to be initiated around 2 days after the bloodmeal, we first

hypothesized that fermenting molasses was an oviposition attractant,

but no evidence for this was found. The results of Mweresa et al.

(2014) seem to confirm this, as these authors observed an increase

only in the number of blood-fed females caught with fermenting

molasses, but not that of gravid females. Although fermenting molas-

ses became more attractive as time progressed since the blood meal,

it does not appear to be an oviposition attractant for A. coluzzii. In

addition, as more eggs were laid in the control oviposition cups, fer-

menting molasses may even elicit a deterrent effect.

As our results indicated that fermenting molasses did not act as an

oviposition attractant, we next hypothesized that fermenting molasses

attracts blood-fed mosquitoes because it contains nutrients that enhance

their fecundity and survival. This was, indeed, observed for fecundity

(numbers of eggs laid per female), which significantly increased when fer-

menting molasses was used compared to sugar fermentation or water

alone. However, survival was reduced when compared to fermenting

sugar (Figure 3), although survival was significantly higher when com-

pared to water only. This suggests a trade-off between fecundity and

survival. An alternative hypothesis is that the ample amounts of simple

carbohydrates found in the fermenting sugar support survival compared

to the more complex carbohydrates and nitrogenous compounds in fer-

menting molasses, which support reproduction (Peters, 2006). Increased

fecundity by supplementing a bloodmeal with additional nutrients has

previously been observed. For example, mosquitoes may take a second

bloodmeal within the same gonotrophic cycle to increase fecundity

(Briegel & Hörler, 1993; Takken et al., 1998) and urea, obtained by mos-

quitoes after a bloodmeal from feeding on cattle urine, can also be a

source of extra nutrients (Dawit et al., 2020). Cattle urine and its main

nitrogenous component, urea, enhance flight activity, survival and repro-

ductive traits, and attracts blood-fed mosquitoes, similar to our experi-

ments with fermenting molasses.

Although CO2 and ethanol have been hypothesized to account for

the attraction of fermenting sugars, including molasses, for female mos-

quitoes (Mweresa et al., 2014), these are clearly not the only attractants

acting in this system. Several of the bioactive volatiles identified from

fermenting molasses in the GC–EAD and GC–MS analyses have previ-

ously been identified as attractants, either by themselves, or in combina-

tion with other volatile organic compounds, for various mosquito

species. For example, isoamylacetate is a floral attractant for female

Aedes albopictus, Aedes japonicus, A. aegypti, Culex restuans and Culex

quinquefasciatus (Brooks, 2014), whereas alpha-pinene, is associated with

human Plasmodium sp. infection (Emami et al., 2017; Kelly et al., 2015;

Schaber et al., 2018) as well as with host plants, which in combination

with other volatile organic compounds attract various physiological

states of female Anopheles mosquitoes (Wondwosen et al., 2016, 2018,

2021). Styrene is associated with the headspace of host plants and

human skin, which attract malaria mosquitoes (Pachuwah et al., 2016).

Moreover, 2-ethyl-6-methyl pyrazine, isoamylacetate and ethyl decano-

ate have been identified in the headspace of fermenting yeasts, whereas

ethyl caprylate has been identified from fermenting sugar (El-Sayed

et al., 1999; Izzo & Ho, 1991; Kotseridis & Baumes, 2000; Mahadevan &

Farmer, 2006; Münch et al., 1997; Smallegange et al., 2010; Stashenko

et al., 1992). The studies mentioned above do not report an increase in

the attraction of blood-fed individuals, emphasizing that the synthetic

blend of bioactive compounds identified in this study is essential for the

attraction of blood-fed mosquitoes.

The synthetic blend composed of the GC–EAD-active compounds

attracted blood-fed (72 hpf) mosquitoes when tested in a dual-choice

olfactometer in a dose-dependent manner. Future experiments in which

individual components are subtracted from the whole synthetic blend

are required to identify those that are essential for the attraction of

blood-fed females. In addition, both the fermenting molasses and the

synthetic blend should be tested for their attractiveness for other mos-

quito species (from other genera), both in laboratory and in field experi-

ments. Attracting blood-fed mosquitoes with a synthetic blend, instead

of fermenting molasses, has the advantage that it is easier to prepare

and transport. Moreover, synthetic lures can be stored for longer periods,

whereas the molasses mixture has to be prepared just prior to use. In

addition, the 5 L plastic containers with the molasses mixture take up

much more space than the vials with the synthetic blend. And finally, the

molasses mixture is only effective for 24 h, whereas an optimized formu-

lation of the synthetic blend may provide a more long-lasting lure

(Mukabana et al., 2012).

A standardized synthetic blend for collecting blood-fed mosquitoes

may be an additional and valuable tool for sampling blood-fed mosqui-

toes. For example, the human blood index is often used as an indicator

of host selection of mosquitoes, but is normally determined by aspiration

of mosquitoes from walls or pyrethrum spray catches indoors in which

the collections are biased for human blood (Takken & Verhulst, 2013).

Alternatives for the collection of blood-fed mosquitoes from less biased

locations include the use of resting boxes (Brugman et al., 2017; Qiu

et al., 2007), barrier screens (Burkot et al., 2013; Keven et al., 2021),

gravid traps (Opoku et al., 2018) or pit shelters (Massebo et al., 2015),

but the numbers of mosquitoes collected are generally low. The addition

of the synthetic fermenting molasses lure could be used in combination

with these collection methods to further increase the proportion of

blood-fed mosquitoes collected in an unbiased manner.
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Increased trap catches of blood-fed mosquitoes would also be bene-

ficial for xenodiagnostics, whereby the bloodmeal of the insect is used to

detect (non-vector borne) pathogens (Brinkmann et al., 2016). For exam-

ple, analysing the blood meal of blood-engorged flies and mosquitoes

demonstrated that hematophagous dipterans can act as ‘flying syringes’,
and can be used to identify both known and unknown human pathogen

species (Barbazan et al., 2008; Bitome-Essono et al., 2017). In addition to

the direct identification of host pathogens in a blood meal, antibodies

against pathogens can also be determined which maximizes the use of

blood-fed mosquitoes to demonstrate pathogen circulation (Leighton

et al., 2014; Štefani�c et al., 2022).

Pathogen monitoring often involves numerous challenges, includ-

ing logistical, economic and ethical issues (Cameron & Ramesh, 2021),

and xenomonitoring of blood-fed mosquitoes could be an alternative

method for identifying emerging human disease, when accurate and

reliable blood-fed mosquito collections for screening systems have

been developed. After optimization, the use of a synthetic blend to

standardize blood-fed mosquito catches will allow for more accurate

predictions of mosquito host selection, thereby increasing our under-

standing of vector-borne disease risk.
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