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The life history of the mosquitoes

@ Amino acids (AA) © Triacylglycerol (TAG)

L]
Urie acid

+ Large proportion of AAs in the blood meal
are released as COy or waste

# The rest of the AAs are converted to TAG
and stored in the fat body

* TAG is important for metamorphosis, flight,
diapause etc.,

El' @ Phospholipids

O Fatty acids

M-etabolic cues in

= Maternal lipids are deposited in eggs

= Females choose oviposition sites based on cues
(metabolites released by microorganisms or previous
larvae)
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Blood meal
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» Adult mosquitoes can synthesize
lipids from carbohydrates

+ Possess de novo fatty acid
biosynthetic machinery

+ Males have higher fatty acid
synthase (FAS) gene expression to
fulfil lipid requirements
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@ Larvae

Q @Adult
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® Poly unsaturated
0 «—— fatty acids aquired

from aquatic

organisms

Fhospholipids
concentrated
towards the
intestinal caeca
helps lubrication

Maternal fatty acids
deposited along the
sides of the body

helps locomotion

"U" shaped metabolic curve

Histolysis Histogeneasis and

differentiation \

Oxygen consumption (oc./g./hr.)

Time in

Pupation hours Eclasion

= Non feeding stage of the life cycle

= Lower metabolism than the larval
stage

+ Main source of energy is from stored
fats

Ratnayake
OC,Chotiwan N,et al.,
Front Cell Infect
Microbiol, 2023



How do mosquitoes find nectar ?
* Visual cues

* Olfactory cues (CO,)

* Qustatory cues



Multimodal foral cues guide mosquitoes to tansy inforescences
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Mosquitoes Use Olfaction to Locate Nectar Sources Wil il Electroantennogram
L (BEAG)
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Leucokinin mimetic elicits aversive behavior in Aedes aegypti and inhibits the sugar taste neuron

Movie S1

Females of A. aegypti feeding on
Kinin analog 1728 at 1 mM

(10% sucrose solution, 0.1% Evans blue)




Leucokinin mimetic elicits aversive behavior in Aedes aegypti and inhibits the sugar taste neuron
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Not Just from Blood: Mosquito Nutrient Acquisition from Nectar Sources

Linanool oxide

CHy

!

Olfactory cues

Tranuds In Parasitology

Barredo £, DeGennaro M., Trends Parasitol, 2020
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Sugar feeding reduces host-seeking behaviour
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Why blood feed?



Blood meal induced metabolic

changes in the mosquito.

Ratnayake OC, Chotiwan N, et al.,
Front Cell Infect Microbiol, 2023
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Factors influencing mosquito host-preference behaviors

Sensory systems

* Olfaction

* \/ision

* Thermoreception
e Hygroreception

Olfactory receptors

¢ Expression levels
* Specificity

* Gustation

Host preference

Learning g
¢

Internal state
« Feeding

» Mating
* Circadian

2%

Parasitic influence

Host availability
¢ Forest vs urban
» Migration patterns
» Population crashes

Wolft GH, Riffell JA., J Exp Biol, 2018



Host preferences in specialists and generalists

Preferred host

== Human

=== Non-human mammal
Bird

=== Reptile/amphibian

== Fish

=== Non-blood-feeding

anthropophagic:

1
—

B

T

feed often on humans

ornithophilic: prefer birds to mammals

mammalophilic: prefer mammals

zoophilic: often on non-human animals

Chaoborus astictopus
Anopheles gambiae
Anopheles astroparvus
Uranotaenia lateralis
Culex quinquefasciatus
Culex territans

Culiseta inomata
Orthopodomyia alba
Coquillettidia perturbans
Psorophora ferox

Aedes aegypli

Aedes canadensis
Toxorhynchites amboinensis
Aedeomyia squamipennis
Mimomyia luzonensis
Malaya genurostris
Wyeomyia smithii

Specialists & Generalists & Opportunistic

Wolff GH, Riffcll JA., J Exp Biol, 2018



Methods to determine host preference:behavioral observation and blood meal analyses

4 D

Behavioral observation

s “F
R
) - ¥

v

Y-tub
Hoe Choice chamber

Wind tunnel

= Baited traps

- —— One limitation:

Certain genetic traits may get lost.

Dual-port olfactometer
\ The preference may also be lost. /

/

\

Blood meal analyses

The origin of blood meals can be assessed by:
multiplex PCR

microsphere assay

microsatellites

enzyme-linked immunosorbent assay (ELISA)

precipitin test.

One limitation:
May be favor of the most abundant

host species locally available.

Fikrig K, Harrington LC.,Trends Parasitol, 202 1/




Blood feeding phases

Penetration Time

s e insertion of the stylets into the host skin and usually lasts <10 sec

. SSRNRT o ' glands Probing Time
; ¢ R involves saliva secretion into the skin

SR Some researchers group penetration and probing time as the exploratory
Mandible phasc fOT blOOd.
FE -

Labrum 2 ;
T 7 Feeding Time
B 29/ ive phase of blood ingestion and
) e an active phase of blood ingestion and engorgement
£330
Labium AN
= Hypopharynx mn

MRS




Evaluation of Aedes aegypti Penetration, Probing, and Feeding Times on Mice.
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The time between probing times is called interprobing time.

Not interested in blood feeding

Solution:

* Ensure that the temperature of the mouse did
not drop .Perform in a room at 24°C—26°C.

* Breathing near the mosquito vial

* Replace sugar cotton balls with water cotton
balls in 2 d before the experiment. The night
before the experiment, remove the water cotton

balls.

Martin-Martin 1, Williams AE, Calvo E, Cold Spring Harb Protoc, 2023



BiteOscope, an open platform to study mosquito biting behavior

\ membrane -
inside

artificial {:em‘\ % cage

« water

- LED array m‘ temperature control
- IR/ white camera €O, control (optional)

Hol FJ, Lambrechts L, Prakash M.,Elife, 2020



Neuropeptide F and RYamide regulate host attraction in the mosquito Aedes aegypti
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NPF accumulates in EECs of the posterior midgut after adult emergence but
rapidly depletes after blood feeding.

Dou X, Chen K, Brown MR, Strand MR.PNAS, 2024



Neuropeptide F and RYamide regulate host attraction in the mosquito Aedes aegypti
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Can host preferences be changed?
* Learning

 Viral infection



Learning:

Mosquitoes Aversively Learn Host Odors and Single Odorants
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Dopamine Is Critical for Aversive Learning
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Odor Stimuli Are Learned and Represented Differentially Tyrosine Hydroxylase and Dopamine Receptor Immunoreactivity
in the Mosquito Brain
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Viral infection:
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Skin microbiota regulated by flavivirus infection are responsible for releasing acetophenone for mosquito
attraction
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Dietary administration of a vitamin derivative to flavivirus-infected mice reduces the acetophenone cue

to mosquitoes and viral transmission
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Cell

A volatile from the skin microbiota of flavivirus-
infected hosts promotes mosquito attractiveness

Graphical abstract

Female mosquitoes host-s&eking

&v

Acetophenone from the skin microbiota of flavivirus-infected hosts

promotes mosquito attractiveness
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In brief

Flaviviruses such as dengue and Zika
modulate murine host skin bacterial
communities to increase acetophenone-
producing bacteria. Acetophenone is a
mosquito attractant, and its increased
production by flavivirus-infected humans
and mice make them more attractive to
mosquitoes, facilitating viral transmission
by mosquito vectors.
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End Points of Evolution
Propensity Not to Bite ME onb

FL avid

Evolutionary transition from blood feeding to obligate nonbiting in a mosquito

avid biters (FLavid) 5%
disinterested nonbiters (FLdis)
Maine population:
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Summary:

Mosquito host utilization is a highly complex phenomenon influenced by both intrinsic and extrinsic factors

Long-range (=10 m) cues

Host range

|

—?

Intermediate-range (=1-2 m) cues Host preference

blose-range (<1 m) cues

fnteraclion (contact)

Host availability: defence and
geographic and temporal overlaps

Pathogen infection

Behavioural plasticity |

Host preferences: limit what type of hosts mosquitoes feed on
Behavioural plasticity:enable shifting from a preferred host to an available one
Host-seeking cues and host availability:determine host—vector interactions

Pathogen infection:alter host and vector phenotypic traits Yan J, Gangoso Lct al.,Biol Rev Camb Philos Soc, 2021



Take home message

* Sugar feeding is also important for mosquitoes, which search for nectar through visual, smell, taste
and other clues, but the neuromolecular mechanism behind it has been less studied

* Some ways to study mosquito feeding behavior, such as Y-tube. three-cage olfactometers and two-
port olfactometers

* Mosquitoes use multiple senses, including smell, sight, heat reception, humidity sensing, and taste,
to track their hosts

» The mosquito's preference for the host can be changed by learning, being infected by viruses, etc.



Part Il: The internal mechanisms govern
feeding

JSH



Q1: What drives mosquitoes to start blood feeding?
Q2: How can mosquitoes keep blood feeding for a while?

Q3: How do mosquitoes stop blood-feeding?



Risks always coexist with opportunities




Blood-feeding
initiation

The presence of LIPS proteins in Aedes saliva is critical for biting

A Saliva > In solution
collection digestion

S G Pféfi_
' 5 -
.-/" e

n = 250/replicate n = 5 replicates

» LC-MS/MS

B SG dissection p 2D-PAGE p- LC-MS/MS

\y

-

(RO R |

n=60/replicate  n =4 replicates n = 19 spots
.\(i_n_m-;_; Q . e
(1 Day) it
g L
" Y =
Mature i
(6 Days) .

(]
72
(=] Ao
T
Decy,
098;?
On

2,
Up,
cr;

ADA

34k-2/LIPS-2 R
34k1 / LIPS-1[]
mucin

AG5-3

30k Aeda3
AG5-4
30k-3/30k-4
PIP-4
30k-2/30k-1
30k-5

d7s6

D7s

D7s1
Secreted Peptide
14.5 kDa

N | WN EeEE =N ] ] (EE

[ |
L]
[ |
[ |
O
L]
-
[ |
[ |
[ |
[ |
|

Arnoldi T, ¢t al. Current Biology. 2022

TOTAL BLOOD-FEEDING

22

| hed
o

DAY 1
dsRNA injection

Seconds (log10)

_—
I

-
P

INTRADERMAL PROBING

=
-]

dsGFP

(n=22)

73.0 sec
61.7 sec
86.1 sec

Mean :
Lower 95% Cl:
Upper 95% CI:

dsLIPS-1
+ dsLIPS-2
(n=35)

102.3 sec
91.2 sec
115.1 sec

dsLIPS-2
(n=22)

106.2 sec
91.6 sec
123.0 sec

dsGFP

(n=22)

22.0 sec
19.4 sec
25.0sec

dsLIPS-1
+ dsLIPS-2
(n=43)

50.1 sec
42,3 sec
55.5sec

dsLIPS-2

(n=25)

54.6 sec
43.9 sec
67.9sec



>

Percentage of females
moving the mouth

LIPS-2 binding Cp19 causes a morphological change of the structures of the labrum
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Initiation of Blood-feeding

Amoldi T, et al. Current Biology. 2022



Salivary proteins facilitate mosquito blood feeding

P Host hemostasis:

Unknown function
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[solation and characterization of the gene expressing the major
salivary gland protein of the female mosquito, Aedes aegypti

Anthony A. James, Karen Blackmer ', Osvaldo
. D . - . ¥
Marinotti 2, Corine R. Ghosn, and Jeffrey V. Racioppi ~
Department of Molecular Biologv and Biochemistry, University of California, Irvine, CA, U.S.A.

(Received 13 July 1990; accepted 27 August 1990) "SeX' and Stage'speCiﬁCity"
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The feature of D7 Proteins:

1) widespread in hematophagous Diptera
(exclusively expressed in female salivary glands)

2) different length and amino acid sequence
(in different species and within the same species)

3) binding small hydrophobic molecules
(host responses : inflammation and hemostasis)

Ae. aegypti D7L 1
(AAEL006424)

Ae. aegypti D712
(AAEL006417)

E

Serotonin (0.39)

3DXL
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Histamine (140)

Epinephrine (102)
LTC4 (57.4)
LTD4 (54.3)

LTE4 (60.2)

3DZT

LTB4 (140)

No binding to U46619
Serotonin (1.68)
Norepinephrine (110)

Histamine (1130)

TxAZ2

LTC4 (5270)

LTD4 (597)

LTE4 (1930)
LTB4 (769)

Alvarenga, P.H. and Andersen, J.F. Biology. 2023



AeD7L1 and AeD7L2 interfere with vasoreactivity and platelet aggregation without

compromising blood coagulation

vascular contraction
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Aegyptin regulates probing time and blood feeding success via binding collagen
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Sialokinin facilitates mosquito blood feeding

Induce nitric oxide release Interferes with host hemostasis via NK1R signaling  Promotes blood perfusion at the bite site
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Blood-fceding
termination

FPA from blood serum as a potential factor inhibiting blood feeding
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FPA arrests the process of mosquito blood feeding
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Abdominal distension may participate in blood-feeding arrest

REGULATION OF BLOOD MEAL SIZE IN THE
MOSQUITO*

ROBERT W. GWADZ

Department of Biology, University of Notre Dame,
Notre Dame, Indiana 46556

(Received 14 Fune 1969)

Treatment:
Ventral nerve cord Mean for treated females (£ 959%, confidence limits)
cut anterior to
abdominal No. females/ Feeding time Blood meal weight No. of eggs

ganglion treatment (min) (mg) developed
No. 2 76 5:314+0-24 11-99 +0-51 103-28 +-4-31*
No. 3 42 3-21+0-32 7-63 +0-70 97-17 £4-01
No. 4 36 2-69 +0-22 514 +0-40 92-32 +2-81
No. 5 40 2-19+0-16 4-23 +0-46 88-88 +4-25
No. 6 36 1-98 +0-18 3-61+0-21 8714 +4-39
Sham-operated t 62 1-76 +0-11 2-93 +0-18 85-78 +3:03

No treatmentf 64 1-79+£0-10 2-85+0-26 8607 £3-30




Microbial interactions in the mosquito gut determine blood-feeding behavior
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DENYV Infection increases host attraction and frequency of infectious probes
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Mean (£ SE) time to first biting
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in blood feeding
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Summary:

« The LIPS-2 in the saliva binding Cp19 causes a morphology change of the structures of
the labrum.

« Saliva contains many bioactive molecules that promote blood feeding by inhibiting
hemostasis.

« There are negative controls arresting blood-feeding. eg. FPA, stretch receptors.

Bacterial flora and disease pathogens change probing efficiency.

Physiological state affects blood feeding.
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Which external factors affect mosquito feeding?

* Vision: host defensive
behavior

 Olfaction: host's skin odour,
CO,

 QGustation: the taste and the
quality of host blood

Environmental factors:

temperature, humidity, light

Extrinsic & Intrinsic factors

— =

Visual perception Sugar availability
Maonitor host defensive behavior Energy status?

__ _ Gut microbiota
v — Microbiota interactions

Disease pathogens
(DENV-2, Plasmodium)
\ Changes in probing efficiency
Abdominal distension
{Unidentified mechanareceptor)
Meal size determination

Perception at the antenna
(Ir93a) Heat, humidity: host proximity

Wy
(Gr3) CO2: parsistent stara??’
[ - f

ey
R f
il Salivation

Taste perception at (Kare) Blood coagulation
labrum neurons (Fibrinopeptide A)
(Ir76h, Ir7a, Ir7i, Or8, Ords, etc.) Meal size determination
Blood components detection Salivary proteins

(Sialokinin, DY proteins, LIPS-2, elc.)
Efficiant probing, marphological changes of the labrum

Currant Cipinipn in Insac Sclence

Kato Yusuke, et al. Curr Opin Insect Sci. 2024




How do these factors affect mosquito feeding?



Body Odors Body Heat Tastants

Current Opinion in Insect Science

Raji JI, et al. Curr Opin Insect Sci, 2017

leg
antennae

mazxillary palps

labellum

Ciasic X cmeil X neat 3

. high vapor pressure (e.g., octenol} —_—

A\ low/zero vapor pressure (e.g., sucrose) . ‘ ‘ .

B carboxylic acids and amines
J carbon dioxide

behavior / memory sensory integration primary processing

Sparks JT, et al. Front Physiol. 2018



e Vision

Visual motion reduces feeding, but not landing in

A edes aegy p tl A Green background B

2 Artificial °
SIE) U A = o Eﬂ - i ﬁ

Glas; ai_r;der

RRLEE TP OB 3K st s
RS

=i

Fed mosquitoes (%)
[=]
(4.}

Green Static Translating Regressing Expanding
Background square field square field  squares squares

i

v

Time

Landings per mosquito

Wynne NE et a|_ SCIRep 2022 zb 4b 60 20 40 6I0 zlo 40 60 20 40 BICI 20 40 60

Time (min)



Olfaction
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Odor Molecules
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Antenna |
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IrCo IrX Gr22 Gr23 Gr24 Orco OrX
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Konopka Joanna K, et al. Chem Senses. 2021



CO,; is highly attractive to mosquitoes and causes behavioral changes
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An ORN that expresses three receptors in the maxillary palp mediates the response to CO,
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Ir76b ionotropic coreceptor impact olfaction and blood feeding in the mosquito Anopheles coluzzii
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AsOBPI is required for host seeking in the Anopheles sinensis
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Neuronal and behavioral responses to volatiles from aquatic habitats are Orco-mediated in mosquito

larvae

Larval sensory cone recording
Micrascope

Closed

Sensc ary cone

L

‘e Open @ Antenna_
l l pra— in 4— o 8 2-FR LK) K
4 Recording félectrode wildtype background B 1% 2-methylphenol ‘I’ﬁ(:_&::e‘hoph sssss
1.I | 1} ‘:|| | !i||| | M |‘ I‘n ‘- |h|i_lﬁ1:zm‘||-1 EI‘» | l:i | ‘ || 4N“+||i+m+u Y e
Neuron Firing Antening ! o

Background activity Spike templates °r°T bac"‘g';"""d *:"ﬂ“‘hy'i‘h""‘:‘ y 1|%.MM 88888
! ‘ww ||M| [ ul‘l)\l\l W lvi lw h M V\ 9{5

1% 2-methylphenol El”i Sp|ke shape models . 08 = — 08y _ws 08y %
‘h 'W" II» U WIF‘ m HHW Il llM] NSNS ! A - \ | B = e

5 {os.7s 5571 & 0.04 — o 0.0 T 0.0

Behavior MEUEA
Repellent

i

1 X = X L} 1 orco™
0.4 I 0.4 0.4

0B 08— 0.8 -
larval food 2-methylphenol acetophenone

Sun HH, et al. Cell Rep. 2021



tation Gustatory sensory discrimination of blood and floral nectar by Aedes aegypti
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Environmental Conditions

Ir93a-dependent heat and humidity sensors
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Dehydration prompts increased activity and blood feeding by mosquitoes
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Biting behavior is closely tied to photoperiod
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Opsinl regulates light-evoked avoidance behavior in Aedes albopictus
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The most famous mosquito repellent - DEET
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Mosquito odorant receptor for DEET and methyl jasmonate——CquiOR136
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Aedes aegypti mosquitoes use their legs to sense DEET on contact

E F a b
100 L)
rary
]
gl
£
8
50
= Labellar
= lobes
0 s A
Stylet
Solvent t 10 mM 50 mM
Lobeline Quinine
I J a b c d d K a b a a c
100y weee 100 ° .
L ] = T .
SWIE[ L] i . -y
(in blood) = e 28 .
L] - —.—
. . —
© [ ] =} LL]
2 =r= 2
.g - L] .g —_— ..
250 A _050 -
r} a .
=" Labellar = o? A, = .
lobes and
tarsi
(O F.I.'[i:ll.f?,' L1
. ass
0 TERS  weessee 0 _—_—
Solvent 10 mM 1TmM  5mM | Solvent 100 mM 10mM 50 mM
Denatonium Lobeline Quinine [+ Denatonium Lobeline Quinine
In blood On surface

15 FH orco’/ 16 FEAR IS~ R Bas b Uog i [17) MR 7 532 ) Dennis EJ, et al. Curr Biol.

2019



DEET
on skin

Bites/mosquito

0.15

0.10

0.05

0.00

n.s.

Solvent

Tarsal
H segment

Untreated =

m

Bites/mosquito
5

I Sensillum

Pore

Neurons

Oceluded

&
L
®
LY ®
Solvent 10%

10%
DEET

. Solvent
on arm

10% DEET

on arm

- Occluded

Bites/mosquito

Bites/mosquito

0.0

1.0

0.0

None

]
@
e
- e
e —
-
All tibia

e

Foreleg
Hindleg

Tarsi occluded

ik

o|§ls

Foreleg

Midleg

Dennis EJ, et al. Curr Biol. 2019



Summary

® Mosquitoes perceive their host and changes in the external environment
through multiple sensory cues.

vision, olfaction, gustation

® Disruption of any of these sensory cues could impair the mosquito's host-
seeking and blood-feeding behavior.

® Gustatory neurons on the mosquito's stylet distinguish between two food
components: blood and nectar.

® DEET is rejected by mosquitoes via the non-contact olfactory pathway and the
contact pathway.
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