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Attraction of mosqguitoes to volatiles associated with blood
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ABSTRACT: Responses of the mosqguitoes Aedes aegypti, Culex quinquefasciatus, and Culex nigripal pus to volatiles and
compounds associ ated with bovine and avian blood that were presented in collagen membraneswere eval uated in ol factometer
and landing assays. The presence of attractants produced by blood was supported by more attraction of all speciesto blood
than water controlsin the olfactometer. Females of Ae. aegypti and Cx. quinquefasciatus were more attracted to bovine blood
than to avian blood, but there was no differencein Cx. nigripal pusresponses. In landing assays, significantly more femal es of
all specieslanded on casings with blood than on water controls. There was no differencein landing of Ae. aegypti on bovine
or avian blood. However, significantly more females of Cx. quinquefasciatus and Cx. nigripalpus landed on avian blood
compared to bovine blood. Blood presented in collagen casings was an effective method for evaluating in-flight attraction
and landing in all three species. In the olfactometer, several individual compounds elicited attraction in all species, but none
were as attractive as blood for all species. In landing assays, several organic acids and sulfides dlicited landing, with Ae.
aegypti responding to the greatest number of compounds. These assay methods are effective for evaluation of volatile
compounds from blood, and although responses were obtained to several compounds, none were as effective as blood in the

olfactometer and landing assays. Journal of Vector Ecology 31(1): 71-78. 2006.
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INTRODUCTION

One of themost critical problemsfor femal e mosquitoes
is successfully finding a blood meal. Navigation toward
potential hostsinvolveschemical cues, physical cuessuch as
heat and moisture, and visua cues (Clements 1999). These
cuesmay elicit arange of behaviorsincluding flight activation,
short- and long-range orientation during flight, landing,
probing, and feeding (Galun 1974). While mosqguitoes in
nature generally feed on ahost, not blood directly, blood alone
has been recognized to attract mosquitoes (Burgessand Brown
1957, Schaerffenberg and Kupka 1959, Mller 1968, Khan
1977). Constituents in blood are thought to reflect those
present in exhaled breath and skin (Bassette et al. 1966, Khan
1977, Sastry et al. 1980). Probing behavior and ingestion of
blood by mosquitoes are influenced by blood components
such as non-volatile phagostimulants (adenine nucleotides)
(Hosoi 1959, Friend and Smith 1977, Friend 1978, Galun
1988). Landing responses have been reported in Anopheles
gambiae to oxocarboxylic acids present in sweat but not to
other carboxylic acids (Healy and Copland 2000, Healy et al.
2002). Additionally, landings of Anopheles stephensi were
reported to volatiles from guinea pig blood, lysine, and
cadaverine (Bos and Laarman 1975). Little is known about
the influence of blood components on landing responses of
Culexmosquitoes, yet thisisan essential prel udeto successful
blood-feeding.

A range of constituents in human blood has been
identified (Dimond et al. 1956, Singh and Micks 1957,
Issachar et al. 1982, Ashley et al. 1992, Bonin et al. 1992) yet
the role of volatile compounds from blood in attracting and

eliciting landing by mosquitoes is not well known. Some
chemical constituents from blood and serum such as lysine
and other amino acids influence the numbers of approaches
but not landings of Ae. aegypti and thisisthought to be dueto
the carbon dioxide bound to these compounds (Brown and
Carmichael 1961, Lipsitz and Brown 1964). In this
preliminary study, we devel oped an assay for examination of
landing responses to chemical standards and examined
attraction and landing responses of Ae. aegypti, Cx.
guinquefasciatus, and Cx. nigripalpus to bovine and avian
blood to determineif different blood sourcesinfluenced these
mosquito responses. In addition, two series of individual
volatile compounds similar to those identified from blood,
carboxylic acids, and sulfides (Sastry et al. 1980, | ssachar et
al. 1982, Ashley et al. 1992, U. Bernier unpublished data)
wereevaluated for their attractiveness and landing responses.

MATERIALSAND METHODS

Aedes aegypti, Culex quinquefasciatus, and Culex
nigripalpus were reared in the laboratory using methods
described by Gerberg et al. (1994). Adults were maintained
in screen cages with a 10% sugar solution provided
continuously. Cages were held at 27-29°C and 70-85% RH
under a photoperiod of 14:10 (L:D) h with the scotophase
starting at 1700 h. For bioassays, unfed females 5 to14-days-
old were used.

Olfactometer
To determineif treatmentselicited an upwind orientation
response, unfed female mosquitoes were tested in a triple-
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cage dual-port olfactometer (Posey et a. 1998). Only one
chamber at atime was used for assays. Air flowing through
the olfactometer was obtained externally, then charcoal-
filtered, humidified, and warmed (27 + 1 °C, 60 + 2% RH).
At the beginning of each test, a door was opened to allow air
to flow through the ports (28 + 1 cm/s) into the chamber. This
door was closed at the end of atest to trap mosqguitoesin the
portsto count them. Active and responsive mosquitoes were
selected for the tests using a draw box (Posey and Schreck
1981). Each cage was | oaded with 70-80 female mosquitoes
that were allowed ~ 60 min to acclimate. With theinitiation
of atest, they could follow an upwind plumeto the treatment
test port, to the control test port, or remain in the chamber.
Responses were calculated as the percentage of total
mosquitoes tested that were trapped in the treatment port
compared to the control port. All treatments were tested
simultaneously with a water control. Tests were run for 15
min. Assayswith Ae. aegypti were conducted under high light
conditions (2,220-2,400 lux) between 1000 and 1700 h.
Assayswith Culex were conducted under low light conditions
(100-150 lux) between 1400 and 1900 h.

L anding bioassays

Bioassays were conducted in cages (30 cm®) with one
side covered with asleeve and the other end screened. Twenty
females that were sugar-starved for 4 h were placed in each
cage and allowed to acclimate for 20 min. When all
mosquitoes had landed on the sides on the cage, a treatment
was carefully placed through the sleeve in the center of the
cage on a Petri dish. Care was taken to not disturb landed
mosquitoes. To determine an optimal time-course of assay,
observations were made of the numbers of mosqguitoes in
contact withthecasingat 0.5, 1, 3, 5, and 10 min. Subsequently
observations were made at 1 and 5 min. Assays with Ae.
aegypti and Culex were conducted under light conditions
similar to those described above. When treatments consisted
of blood, the percentage of mosquitoesthat had fed to repletion
at 10 min was also determined. In landing assays, treatments
were presented before or after controls but not simultaneously
with controls.

Test materials

Testswere conducted using defibrinated bovine or avian
(chicken) blood to eval uate responses of mosquitoesto blood.
Blood washeld at 4°C in an airtight container until just before
use and used for bioassayswithin 4 days of collection. Blood
(40 ml) was placed in a collagen sausage casing (gas
permeable) (30 mm diameter) (DeWeid International, San
Antonio, TX) (Wirtz and Rutledge 1980) that wastied at both
ends, warmed in awater bath to 40° C, excesswater removed
with paper towels, and used immediately in tests. Collagen
membranes have previously been reported as satisfactory for
feeding (Cosgrove et a. 1994) and evaluation of repellents
(Cockceroft et al. 1998). Controls were filled with 40 ml of
well water and handled similarly. A filled collagen casing was
placed on a disposable Petri dish (100 mm diameter) and
placed either in the olfactometer port or bioassay cage for
testing. Gloves and solvent-cleaned forceps were used to

handle all materials (collagen casings, via caps, Petri dishes,
etc.) to reduce contamination with skin compounds.

Chemical standardswere obtained from Sigma-Aldrich,
(St. Louis, MO) and Acros (Pittsburgh, PA). For olfactometer
assays with chemical standards, 200 ul or 200 ug of a
compound was placed inavial cap (9 mmx 9 mm height) set
in adisposable 100 mm diameter Petri dish and placed inthe
treatment port. For controls, an empty vial capin aPetri dish
was placed in the other port. For landing assays, chemical
standards were diluted in either methanol or hexane as
appropriate to a concentration of 100 ng/ul. For each
treatment, 10 pl of the test solution was placed on awarmed
(40°C) collagen casing. Treatments were placed on the top
central portion of the casing and the solvent allowed to
evaporate before placing the casing into the cage. Controls
consisted of casings treated with 10 ul of solvent only.

Datawere arcsinetransformed before meansweretested
by paired t-test (P < 0.05).

RESULTS

In the olfactometer, mosqguitoes of all three specieswere
significantly more attracted to the ports containing blood,
whether it was bovine or avian blood, than to the
corresponding water controls (Table 1). The controls would
have presumably provided the same cues of heat and moisture
asthe blood treatments; however, the greater attraction of the
blood treatments indicates that volatile compounds from the
blood are released through the casing in sufficient quantities
to elicit attraction of host-seeking female mosquitoesin the
olfactometer. Attraction of Ae. aegypti wasstronger to bovine
blood (58.4%) than to avian blood (32.3%)(t = 5.62, df = 18,
P < 0.001). Attraction to water controls was 12-18.6% and
possibly due to cues of heat and moisture. Attraction of Cx.
quinquefasciatus was al so stronger to bovine blood (38.4%)
than to avian blood (9.6%)(t = 6.41, df = 18, P < 0.001) and
these responses were half or lower than those of Ae. aegypti.
Responsesto water controlswere low (1.6 - 3.4%) compared
to blood. For Cx. nigripalpus, bovine blood and avian blood
were equally attractive (13.3% and 14.7%, respectively (t =
0.64; df = 18, P = 0.26) with low responsesto water controls
(0.0-1.7%).

Thelanding assaysinvolved initiation of flight fromthe
resting positions on thewalls of the cage, orientationinflight,
and landing on thefilled casings. Initial landing assays with
Ae. aegypti and Cx. quinguefasciatus showed a pattern of
increased number of mosquitoes landing over the 10 min
duration of the assay (Figure 1). Landings did not increase
after 5 min and this was the time chosen for observationsin
subsequent assays. In landing assays, significantly more
mosquitoes landed on casings with blood than with water
indicating that the blood was providing additional cues than
the water controls that resulted in landing (Table 2).
Presentation of the blood in collagen casings was clearly
effective for eliciting both attraction and landing responses.
There was no difference in the number of Ae. aegypti that
landed on the bovine and avian blood treatmentsat 1 min (t=
1.02, df =18, P =0.16) and 5 min (t = 0.81, df = 18, P =
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Table 1. Responses of mosquitoesin olfactometer assays to blood or water presented in collagen casings.
Species Treatment Mean % attracted (SE) N P

Ae. aegypti Bovine blood 58.4 (3.3) 10 <0.001
Water 12.5(3.5)
Avian blood 32.2(7.8) 10 0.006
Water 2.8(0.8)
Water 12.0(2.9) 10 0.25
Water 18.6 (5.1)

Cx. quinquefasciatus Bovine blood 38.3(6.6) 10 <0.001
Water 1.6 (0.3)
Avian blood 9.6 (1.4) 10 0.016
Water 3.4 (1.8)
Water 3.0(0.9 10 0.19
Water 2.1(0.5)

Cx. nigripalpus Bovine blood 13.0(1.4) 10 <0.001
Water 0.2(0.2)
Avian blood 14.7 (3.8) 6 0.04
Water 1.7 (11)
Water 0.2(0.2) 10 0.17
Water 0.0 (0.0

0.21). Significantly more Ae. aegypti, however, fed on the
bovine blood than on avian blood (t = 12.09, df = 18, P <
0.0001). Significantly more Cx. quinquefasciatus landed on
avian blood treatments compared to bovine blood treatments
at 1 min (t=3.55, df =18, P =0.004) and 5 min (t = 3.05, df
= 18, P = 0.002). However, significantly more Cx.
quinquefasciatus fed on bovine blood than avian blood (t =
9.17, df = 18, P < 0.001). For Cx. nigripalpus, however,
significantly more mosquitoes landed on avian blood
compared to bovine blood at 1 min (t = 2.02, df = 18, P =
0.028) and 5min (t = 1.76, df =18, P = 0.04). Blood-feeding
by Cx. nigripalpus was low (9.7-17.9%) with no difference
infeeding on either blood source (t = 1.54, df =18, P =0.07).

When individual chemicals were tested in the
olfactometer, several compounds elicited greater responses
than water controls (Table 3). Attraction was significantly
greater for Ae. aegypti to blood, acetic acid, lactic acid, carbon
disulfide, dimethyl disulfide, and methyl sulfide than to
corresponding water controls (paired t-test, P > 0.05). For
Cx. quinquefasciatus, attraction was significant to blood and
lactic acid (t-test, P > 0.05). Females of Cx. nigripalpus
responded significantly to blood, myristic acid, dimethyl
disulfide, and methy! propyl disulfide (paired t-test, P > 0.05).
Of these responses, none of the chemicals elicited responses
equal to bovineblood for Ae. aegypti (paired t-tests, P > 0.05)
although the largest responses represented 63.6% (dimethyl

disulfide) of the response to blood. Similarly, for Cx.
quinquefasciatus, none of the compoundstested were similar
to the size of responseto blood (paired t-tests, P > 0.05) and
the largest response was 25.8% (lactic acid) of the responses
to blood. For Cx. nigripalpus, responses compounds
represented 27.7% (myristic acid) and 24.6% (dimethyl
disulfide) of the response to blood. Although significant
responses were obtained in the olfactometer to individual
chemicals, for the most part, these responseswere lower than
to blood.

Numerous individual compounds elicited landing
responsesin cage assays (Table 4). Responses of Ae. aegypti
were significantly larger to blood, acetic acid, benzoic acid,
butanoic acid, heptanoic acid, 3-methylbutanoic acid, lactic
acid, myristic acid, palmitic acid, salicylic acid, stearic acid,
carbon disulfide, methyl propy! disulfide, and methyl sulfide
compared to untreated water controls (paired t-test, P > 0.05).
Female Cx. quinquefasciatus landed significantly more in
response to blood, acetic acid, palmitic acid, stearic acid,
dimethyl trisulfide, and methyl propy! disulfide than to water
controls (paired t-test, P > 0.05). In comparison, female Cx.
nigripal pus responded significantly to fewer of the compounds
tested and included blood, lactic acid, stearic acid, dimethyl
trisulfide, ethyl disulfide, and methyl propyl disulfide. None
of the individual compounds, however, elicited landing
responses similar to blood in any of the three species of
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Table 2. Landing responses of host seeking female mosquitoes in a cage bioassay to blood and water contained in collagen
casings. Assayswere 5 minin duration and replicated 10 times.

Mean % landing (SE)

Species Treatment 1min 5min % blood-fed

Ae. aegypti Bovine blood 35.8 (5.7)* 83.9 (6.3)* 97.9 (1.5)
Avian blood 30.5 (3.5)* 85.4 (2.0)* 41.0 (4.5)
Water control 4.3(0.9) 13.5(3.6) -

Cx. quinguefasciatus Bovine blood 24.7 (4.5)* 50.7 (7.1)* 62.6 (5.2)
Avian blood 39.2 (4.1)* 75.8 (4.2)* 12.3(1.0)
Water control 35(1.5) 39(12 -

Cx. nigripalpus Bovine blood 8.7 (2.2)* 24.1 (2.6)* 10.9 (2.6)
Avian blood 14.3 (2.5)* 37.3(5.2)* 9.7 (4.9
Water control 3.9(14) 9.7 (2.6) -

*Means statistically significant from corresponding water control at the P = 0.05 level, (paired t-test).
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Figure 1. Landing responses of females over time on collagen casings filled with bovine blood (N =10).
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Table 3. Responses of host-seeking mosquitoes in olfactometer assays to volatile compounds associated with blood. All
treatments were tested against awater control. Assays were 15 min in duration and replicated six times.

Mean % of mosquitoes in treatment port (SE)

Ae. aegypti Cx. quinquefasciatus Cx. nigripal pus
Controals
Bovine blood 58.4 (3.3)* 38.3 (6.6)* 13.0 (L.4)*
Water 12.0(2.5) 3.7(0.9 0.2(0.2)
Acids
Acetic acid 18.5 (2.4)* 0.0 (0.0 0.3(0.3)
Butanoic acid 9.2(1.9) 3.8(0.9) 1.6(1.6)
Heptanoic acid 11.7 (3.6) 25(0.8) 0.3(0.3)
Lactic acid 25.2 (6.3)* 9.9 (2.3)* 0.3(0.3)
3-methyl butanoic acid 6.5(1.9) 55(2.2) 0.0 (0.0)
Myristic acid 3.5(1.0) 0.8 (0.6) 3.6 (L.5)*
Palmitic acid 5.8(2.1) 3.0(19 0.6 (0.6)
Propionic acid 3.4(0.9) 0.7 (0.4) 0.0 (0.0)
Stearic acid 5.9(2.7) 6.8 (2.0) 0.0 (0.0
Sulfides
Carbon disulfide 17.7 (4.6)* 0.4 (0.4) 1.3(0.5)
Dimethyl disulfide 37.2(9.1)* 5.2 (2.4) 3.2(14)*
Dimethyl trisulfide 4.4 (0.3 0.6 (0.2 1.2(0.3)
Ethyl disulfide 2.4 (0.9 4.9 (1.0) 0.3(0.3)
Methyl propyl disulfide 21(2.1) 3.1(0.8) 2.3(0.3)*
Methyl sulfide 317 (7.5)* 22(12) 0.0 (0.0)

*Means statistically significant from corresponding water control at the P = 0.05 level, (paired t-test).

mosquitoes (paired t-test, P > 0.05). Landing responseswere
obtained from all speciesin responsetoindividual compounds
in the assay indicating that this method is effective in
evaluation of these responses.

DISCUSSION

The collagen membrane assay was effectivefor evaluation
of both attraction and landing responses to blood and to
chemical standards. Volatiles from the blood permeated the
membranes and provided cues for attraction and landing
behaviors. Additionally, these membranes were appropriate
for providing standardized heat and moisture cuesfor testing
of individual chemical compounds. In previous studies,
collagen membraneswere usedin artificial feedersto examine
landing responses of Aedes aegypti to sweat components and
repellents (Cockcroft et al. 1998, Healy and Copland 2000,
Healy et a. 2002).

Blood clearly emitted volatiles that elicited attractionin
the olfactometer and elicited landing responses. Females Ae.
aegypti and Cx. quinquefasciatus differed in some of their
attraction and landing responses to bovine and avian blood.
These differences may be dueto differencesin concentration
or composition of a mixture of volatile compounds emitted
from these two types of blood. Little is known about the
volatile composition of thesetwo blood sources. Whilereports
indicatethat there are differencesin the abundance of different

classes of wax components on the skin between cows and
chickens (Nicolaides et al. 1968, Nicolaides et a. 1970), no
direct comparisons can be made based on volatiles emitted
from blood. Responses of Cx. nigripalpusweregenerally low
to al treatments and about three to four times lower than
those of the other speciesto bovine blood. The low response
may be due to inherent differences in feeding behavior or
lack of additional critical attractant stimuli (i.e., CO,) for this
species. Both typesof blood, however, provided volatile cues
that elicited attraction of all three species of mosquitoes.
Individual compounds evaluated differed in responses
dicited and intensity of response between species. Ingenerdl,
Ae. aegypti femal es responded more strongly than the Culex
females. More compounds €elicited significant responses by
Ae. aegypti in the landing assays than in the olfactometer
assays indicating that these compounds may serve as close-
range attractants. Carboxylic acids are common lipid
components of mammalian skin and emanations (Nicholaides
1965, Sharaf et a. 1977, Bernier et a. 2002) and several are
well-documented as attractants. For instance, lacticacidisa
component of sweat found in high levelsin humans, moderate
levelsin other mammals, and low levelsin chickens (Dekker
etal. 2002). In conjunctionwith CO,, itishighly attractiveto
Ae. aegypti (Geler et al. 1996) and An. gambiae (Dekker et
a. 2002). Short-chained carboxylic acids were attractive for
Ae. aegypti in combination with L-lactic aid (Bosch et al.
2000). However, when Healy and Copland (2000) combined
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Table 4. Responses of host-seeking mosquitoesin cage assays to collagen casings treated with compounds (1 ug) associated
with blood. Assayswere 5 minin duration and replicated 10 times.

Mean % of mosquitoes in treatment port (SE)

Ae. aegypti Cx. quinguefasciatus Cx. nigripalpus
Controls
Bovine blood 84.0 (5.3)* 61.0 (4.7)* 24.1 (2.7)*
Water 12.0(1.49) 3.9(1.6) 1.0(1.0)
Acids
Acetic acid 18.1(1.2)* 28.2 (6.6)* 3.2(1.0)
Benzoic acid 38.4 (6.1)* 0.0 (0.0) 0.0 (0.0)
Butanoic acid 28.5 (6.0)* 15(1.1 1.1(11D
Heptanoic acid 28.9 (3.2)* 2.8(1.5) 0.0 (0.0)
Lactic acid 30.7 (2.7)* 1.6(0.8) 9.0(1L.7)*
3-methylbutanoic acid 50.8 (5.3)* 0.0 (0.0) 0.0 (0.0)
Myristic acid 33.8(3.4)* 0.5(0.5) 0.0 (0.0)
Pamitic acid 65.9 (5.6)* 9.7 (L4)* 1.3(1.3)
Propionic acid 6.0(2.2) 6.1(2.8) 45 (1.7)
Salicylic acid 60.3 (5.1)* 2.1(1.6) 15(15)
Stearic acid 51.7 (4.3)* 23.3 (4.5)* 9.9 (2.9)*
Sulfides
Carbon disulfide 25.2 (4.6)* 1.5(1.0) 1.9(1.0)
Dimethyl disulfide 4.0 (0.7) 25(0.3) 1.7 (0.9)
Dimethyl trisulfide 8.0(2.3) 8.0(1.8)* 11.0 (1.0)*
Ethyl disulfide 11.0(2.7) 6.6 (2.3 8.5(2.3)*
Methyl propyl disulfide 18.0 (1.1)* 10.5 (1.7)* 5.0 (1L.5)*
Methyl sulfide 20.4 (3.7)* 27 (15) 1.4(0.9)

*Means statistically significant greater than water control at the P = 0.05 level, (paired t-test).

22 carboxylic acidsidentified from human sweat, no landing
responses were elicited from An. gambiae. Aliphatic
carboxylic acids have been reported as attractive for An.
gambiae (Knols et al. 1997) and Ae. aegypti (Carlson et .
1973) and dlicit electrophysiol ogical responses (Lacher 1967,
Davis 1988, Meijerink and van Loon 1999). In our study
individual carboxylic acidselicited moderate attractioninthe
olfactometer. However, they were very effective at eliciting
landing responses from Ae. aegypti, and to aminor extent, in
Culex. Future studies will examine combinations of
compounds for synergism in attraction.

Sulfide compounds have been reported as components
of human skin and emanations (Krotosynski et al. 1977,
Bernier et a. 2000) and methy! sulfide has been identified as
acomponent of bovine blood (Bassette et al. 1996). Although
reports of mosquito responsesto sulfidesarelimited, Bernier
et al. (2003) reported that dimethy! disulfide as acomponent
of human skin emanations synergized attraction of Ae. aegypti
to lactic acid. The role of sulfides as attractants for gravid
mosquitoes has received attention. Du and Millar (1999)
reported el ectrophysiol ogical and some behavioral responses
from gravid Cx. quinquefasciatus and Cx. tarsalis to methyl
trisulfide. However, subsequent study with gravid Ae.
albopictus indicated no electrophysiological or behavioral
response to another sulfide, dimethyl disulfide (Trexler et al.
2003). Females of Ae. aegypti responded to carbon disulfide,

dimethyl disulfide, and methyl sulfide in both olfactometer
and landing assays and these compounds may play arolein
host finding in this species. Responses of Culex to sulfides
werelow but significant and these components may play minor
rolesin attraction or asacomponent in an attractive blend of
compounds.

Artificial feeding systems for mosquitoes are important
for establishment and maintenance of coloniesin the absence
of vertebrate hostsand for inoculation in disease transmission
studies. Females of Culex, however, are considered to be more
reluctant to feed on membranes than species such as Ae.
aegypti (Novak et al. 1991). For instance, in this study fewer
than 12% of female Cx. nigripalpus fed on membranes
whether bovine or avian blood was presented. Cosgrove and
Wood (1995) suggested that vol atile compounds such asthose
isolated from skin might increase the efficacy of themembrane
feeding system and Waladde et al. (1991) used skin extracts
to enhance tick feeding on membranes. In addition, short-
range attractants may have potential astrap lure components
to enhance collection of mosquitoes as they come in closer
proximity to the trap intake. In future studies, volatile
compounds from bovine and avian blood will be identified,
compared, and evaluated as possible additivesfor enhancing
successwith membranefeeding by Culexfemalesand for trap
collection enhancement.
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