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Aeeclex aegypri 1w the primary vector of yellow Tever (YF) and dengue fever (DF) Plavivi-
ruses worldwade. In this review we focus on pist and present research o genetic compio-
nents und envirommemal factors in Aedes gegvpr that appear to control laviviras trans-
mission. We review cenetic relotionships among Ae aegvpe populations theoughout the
world und discuss how vatntion in veclor competence is correlated with overall genetic
differences among populations. We descenibe current research into how genetic and envi-
rommental fuctors jointly affect distribution of vector competence in natural populations
Based on this informution, we propase a population genenie model for vector competence
and discuss our recent progress in testing this model. We end wuh o discussion of ap-
proaches being taken w dennty the genes that may controb flavevirus susceptibility in Ae,
degyph: w8 202 IMSE. Puhlished by Elsevier Science Ine
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The vellow fever mosquito, Aedis gegvpri. 1s o well-known
vector of g number of debilitating or kethal human arbovi-
rises, O primary concern are the vellow fever (YF) and
denpue fever (DF) flaviviruses, Despite widespread avail-
ubality of an effective and safe vaccine, YF remains an im-
poctant public health problem in much of Africa and South
America (1-3). Since the early 199%0s. major epidemics
have occurred annually in West Africd (461 and morality
cates have ranged from 25 10 30%, Ae. aegypr is also the
major vector of DF im tropical and subtropical areas. Mearly
f mlliom cuses of denpue huve been reported in South and
Central American countries as well i as the Cantbbean
since 976, Dengue cases are now reported from virtually
every elobul location in which Ae. aegypti occurs (T-15).
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There are many components o the epidemiologicand trins-
mission cyele of these and other wboviruses by Aeo aogpni,
In this review we will focus onpastand presant research on
veclor components ol transmission and will address the 1ol-
lowing critical gquestions: How much vanation in vector
competence among Ae. aegyei papulations is attributable 1o
genetic effects and bow muoch o environmental causes?
How many genes affect vector compeience for flaviviruses
i Aes aegvpir?! How dooalléles ut these genebic loci interact
o determing vector competence? How does knowledge ol
genetic and environmental components affect disteibution
of vector competence n natural populations !

Population Genetics of Avdes aegypit

Avdes aegvpti hus o cosmopolitiun distribution Between the
AN and 078 latitudes and 15 phenotypically polyimors
piag, vares in gene fregquencies as detected by bochemicul
andd molecular cenetic markers, and exhibits variaton in
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veclor competence for arboviruses. In sub-Saharan Afnca,
Ae, aegyprit appears as o hlack svlvan race or subspecies, Ae,
eegyptt formosus, that oviposits primarily in treeholes, A
light-colored domestic mee, Ae. aegypn gegvpli s distribe
uted o fropacal and subtropieal regions outside Atnca. Tins
race disploys an oviposinon preference: for amificial con-
tiners (e tires and discurded jars) associated with human
habitis,  Elecvophoretie analvsis of allozvme  variation
ameng populations from theoughout the world distibution
ol Ae aepypn dentificd eight genetic groups (16,171 in
cluding sylvim ruces (A aegvpti formoves) i West and
Fast Africo and domestic rces (Ae, aegyvph aeeypti in Fost
Adrica, southeast LLS. southwest LS -Mexico, Central-
south Ameriva, the Canbbean, and Southeast Asia-Pacitic
Sylvan ftwmmosas populations from West and East Africa
are clearly penetically ditferentined from domestic aeg i
poplitions. West Alrican aegyptr populitions are genel-
citlly homogeneous, wherens eegypi populations Trom south-
eastern and soutlewestern LS. are genstically differentated,
Heterogeneiry was alse deected among Canbbean island
proyprabantionms 4 171

In general, penetic differentiaon among  worldwide
propulations is small relotive o differentiation Tound wmong
ether insect populotions anadyeed with alloeymes (17 This
wis shggested s evidence for recent evalutionary origing of
svivitoe and domestic subspecies, Sheht genetic differences
detected among populitions within these subspecies also
suggest aorecent spread and establishment of populations
throughout the world, 1 s reasonable 10 sugeest that much
af this spread cecurred through human commerce.

Recent studies have Tocused on more local, regional pat-
lerns of gepe flow among Ae, aegyvpn populations (18-20)
ln a study of gene flow conducted in Poeno Rico (1%),
RAFD-PCR pelymorphisms at 37 presumptive loct were
used to examine local gene flow among 16 locations in 5ix

Pacific collections

cities. Avernre gene heterorygasity was (L354, more than
twice the level detected in carhier allpryme survevs, Nested
analysis of variance indcated extensive genene dilterentin-
ton among locations within cities. Efective migration rates
among cities ranged from 99 10 12,2 migrants/generation
wclicating bgh dispersal vite over o distange of 40 ki

We hove recently expanded the geopraphic seile of these
studies by examining gene flow among loeations in Mexico
R0 (Figure 1y These studies soggest e geae Tow
armong e aepvere populations varies o greal deal wmong re-
eions depending upon wmounts of human commerce as well
ds barriers toonotoral migration throogh Tieht, Gone Mow iy
et and genene diversity 1s generally loseumang norh
cistern populations, which are not strongly isaolited Ty dis
Baee, Armong Yucatan populatons, geme How s love aned poy
ulations are genetically wsolated by distance, Gepetie diversily
vanes greatly wmong Yuocaun sites, Among Pacilie coustal
popsalations, gene How and genetic diversity are high, These
patterns suggest that in nonheastern Mexicao, e, aegypn M-
ulatons may be mamtined by o fese mdivaduals and experd:
ence repeated bottlenecks. Northeustern Mexico is more arid
than either Pacific or Yuoeatun regions, Eaclier population
wenetic studies also found great genetic distanees between Ae,
acevprt collections from somheastern US, (ocluding Hoys-
wn, TX) and portheastern: Mexico (21 Southeastern ULS.
and Mexico collections arose on separate branclies in clysger
atadysis of allele frequencies (16) Varous extinsie ictors
could disrupt genetie molation by distanee in Ae aeevn, Huo-
man ransportation of eggs; levae, or adubls mcontainers
along commercial routes could cause geographically distan
populatons 0 become genencally similur. Arid enviromments
or aclive mosquio abatement practices cause populitions o
undergo genetic bottlenecks. Thus, populistions in proxinly
could become genetically distiner, A hypothesis ol frequen
genetic drift is consistent with reduced genetic variability

MNortheastern collections
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Figure 1 Lotitians of Ardes aegint oe gt oollections throoghout Mevco, These cotlecions ase subclivicled into rewons oy e haoses ol gesetie eelioonslops,
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seen armag nertheastem collections. Either genetic dnft or
huwman commerce is redocing genetic isolation by distance
among nurtheastern popultions,

Gorrochotepu-Esealunie ¢ al. (200 reporied that across all
regioms of Mexico, populations of A, eegven can be ex-
pected o remain genetically uvmtorm at distances < 150 km,
This suggests that in the absence of local selecuon, genes of-
fecting denpue susceptibility or insechicide resistance should
renian uniforin n freguency. Forthermore, transgenic mos
puitoes o telense of penes inta popalations within 150 km ol
oie another or along mest locations of the Pacific coast
shonld spread rapidly. A1 the same time, resalis Trom Nuevo
Lawedo (' Tomalipas, Mexico), Houston (TR, USAL Miguel
Alemin {Tamaulipas, Mexieo), Moloacin (Veracnw, Mex.
ok Minantlan (Vermoroe, Mexieok Culiwedn (Smadoa, Mey-
b and Toeson CAZL LSA L populitions indicate tha Ae. ae

ety populations may occastonally rapidly shift i genetic
cinnposition due either o antroduction of toreign populations
o penetie deilt arsing Tom founder effects.

Physiologic Genetics of Vector Competence

Figure 2 is 0 generallzed dingrom showimg potentinl buriers
T tensnission that an arboviros must overcome (o be trans

i Avles aegvpty ARl
matted by @ mosguito vector (223, Following ingestion in o
bluodmeal. the arbovirus must Orest infect midgat epithelinl
vells of the vector, Presumably, virdons interact with secep-
tors on midgut epithelial cells and penetrate the cells. Lin-
coating, ranseription, and ranslation of the virus genome 1s
followed by vinon maturation,  Then, infections virions
mus! chssemimte from the modgut epathelinm amd infect
secomdury trget organs, IF the arbovieus i blocked o carly
stages of midgut infection (¢, receptor binding, uncoa-
g, transcripticon, o traesiaton ), this s considered aonidgu
nfection barrier (MIB L I infectious vivions doomol disseimi-
nate o hemocele (or virons o hemoeele but de not infect
secondury target organs ), this s constdered oomidgat eseape
barmer IMER)

Little as koown of early events ol Thavivirus infection ol
vedtors. Por other arboviruses (eap, bunya- and ocbivi
ruses ), there oo prerecguisite for proteolyvtic processing ol
virton surtace protems or efhicient vector midgut cellinter
action 2320, Imerestingly. this proteolyoe cleavige 15 not
a prereguisite for suceesstul infection of cells i seconiary
turget organs. only for mudgut epithelinl cells exposed w
proteolyiie milieo of mdgut lumen. Laminan has been pro
posed a8 o mosquito cell receptor Tor alphovicuses (27),
Howvever, there s no iformaion concerming potential s
quito midgut cell receptors for Mavivieuses,

Midgut Infection Barrier

1 =» establish an infection in the midgut epithelium
2 => replicate in the midgut epithelium cells
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Midgut Escape Barrier

3 => pass through the basal lamina

Transmission Barriers
5 => infect salivary glands

4 => replicate in other organs and tissues

6 => escape into the lumen of the salivary gland

Flgoary 2. A genersliecd g of the six polenind barmwess to dransaikssbon thait amoarbesars Faces 10 Being tecnstnitsl By msscuito,
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This story is complicated by the effect of arboviros titer
and pugsage history on vector infection. MIBL can be over-
whelmed by high virus titers (221 the basis for this 15 un-
known, Similarly, passage history of the virus can conidi-
ton vector infection, Forexample, plaque-punfied Sindbis
LS TN andd LaCrosse (LAC) viruses, selected for rapid growth
and virudence i miee and cell ultures, respectively, poorly
infect mosguito mideat eells (28 Borucks, unpubliched), Pos-
sage lustory also condinens deéngue infection of mosguito
midpwts, Doring standardization of protocols o mfect Ae
acgvpti with DEN-2, M1 rtes depended strongly on the
method chosen o wmplify virtws W0 include ininfectious
Blood mewl (249, Dengue virns was propagated in mtrthe-
Faieally inoculated mosguitoes (14 days) or in Ae. b
privcius QO30 cells (7 or 14 diys)y (300, Viras tters did not
differ denmutically smong three meals, bot mosquito miec-
Loy rales did (299 When Aes oeg Vpee aepai mosguitoes
ingested Dlood meal containing 7.3 log,, by tissue culture
infectious dose, 50% endpoint (TCHDGY per mL of virus
propagated in mosgquitoes; 54% of mosguitoes had dissem-
ke indections, When blood meal contained 7.7 log, T,
per mboof dengoe viros propugated mocell culture for 7 duys,
248 al mosguitoes lad disseminated infections. When blood
meal contmned 5.1 Tog TCID, per ml, 865 of MOsUItoes
had dissemipned infecuons, Sinularly, when Ae. gegyp

Jerridsey mosguitees ingested Blomd meals containing imos-

quito-propagared, cell cultore 7 dayv- and cell culture 14 day-
propagmed viruses, disseminuted infection rates were 10, G,
and 865, respectively. Vimus tters did ner differ signifi-
cintly and would pot appear 1o be the determinam of differ-
ing infections rates, 1 is more likely that the quasispecies
miture of RNA virus populations could vield viruses with
different efMcieneies for binding with nudgut receptors or
tor infecting nudeul epithelal cells s a result of differing
passage histories, the latter perhaps a frumful area of re-
search.

Maosvsmdies of flavivirus veclor competence in Ag. ae-
gypti indicate that MIB is a major determinant of avivirus
Lransmission {30-33), Similarly, MIB in Cv. pipiens with
Western equine encephalitis (WEE) is associated with al-
tuchment, penetration, und uncoating of the virus 1 the mmdeut
(30, MEDB is associated with inefficient assembly or matu-
ration of virions in midgut cells or inability of infections
virions b escape from o midgut epithelial cells, puss through
the basal laming, andfor mlect secondary tarmet organs,
MEE is & major determinant of California grooup virus-pro-
ductive infections of vectors: Althongh reassortant LAC and
snowshoe hare (S5H) viruses were essennally equivalent in
their ability o infect midgut cells of Ae. rriseriones mosqui-
tees, only virnses containing the middle-sized RNA seg-
ment ieneoding surtace glyeoprotemnsi from LAC virus efii-
ciently digseminuted from midgut cells o infect secondary
tarpet organs (350, Virnses comaining the middle-sized RNA
segment ol SEH did noet efficiently dissemiate from midgut
cells, despite lurge accomulations of viral antigen in cells,

Thus, MEB can be conditioned by inelficient virus assembly
or muaturation in midgut cells F certain vector strins ar spe-
ctes. A salivary cland escape bamier was also demonstrated
and was confirmed by others (), Onee inlectious virs 15
produced o sulficient titer, it must escape mideut epithelial
cells, enter the hemocele. and subsequently mfecr secondary
target organs. Thus, interruption of any of these events acts
asa MEB. Inabilivy o €. wesafiy o transmit WER is due
i part toca MIEB (373 A siilar resultwas observedina YF
refractory strain of Ao aegypn (38).

Wiral infection i disseminated throughout the mosguis
body i hemolymph, Eventually, the aebovivus must infect
and possibily replicate within sabivary gland belore gan be
shwd it the Tumen for Aoal transimission inoa subsequent
bite. Salivary gland infecton or escape barriers (ST or SER}
can prevent ransomission (%420 ST expluined in part the
imabahity of Cu tdesales to tmnsimit WEE (370, The virds must
finally escape imo the lumen of the salivaey gland, where 11
can be tmmsmutied o o vertehrate host dunng the mosoguiio’s
normal feeding actvities. SEB have been wentilicd o oo
faeriorfivnchins Tor Yapanese encephalions (043, A teiser
tertees for S5 G, Aes evedersont Toe California Groap vi-
ruses (33), and Co sedferi Tor Sindbis viens (S18) (45), S18
was demonstrated in the Palimetto steain ol Ae. feesedersond, in
which 65% had salivary glunds infected with LAC but only
5% were capible af trinsimission {44,

Environmental Factors Alse Control
Arbovirus Transmission

Biological transmission of arboviruses by o mosquito in-
volves complex interncoons among intrinsic biological tac-
tors an the mosguity and virus and extrinsie, environmental
factors. Vector competence moan individual mosquito is o
tunction of Mological barriers discossed previoasly thal un
mgested virus must pass through to be replicated and finally
transmitted. However, functioning ol these burriers on o
stricthy deterministic basis would fail o explain the large
variglion in vector competence observed amaong and within
vector species. Consequently, a laree number of studies of
vector competence during the past 30 vears have focused on
how genetic and environmentul factors influence passage of
i virus through these barriers. .

The time mnterval between ingestion of an infective blood
meal and oral transmission of virus s defined as the exlrin:
s1c mcubation period (EIT) in the mosquite. Length of EIP
varies among viruses and hoses and 15 sreatly affected by
envaronmental foctors, prmartly emperature. lacval nutr-
tion, and mbective dose of virus, Many stadies have shown
that length of EIP i inversely related o incobation lempera
wire. EIP for YF in Hacsmagogis capricornit wis 28 days o
23°C and 12 davs ot MPC (461 Similar relationships have
been observed with Ae. reiserians infected with Easlern
equine encephalitis (EEE) (471, Or sritaeniorivireion in-
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fected with JE (481, Cx farsalis imlected winh WEE (49),
and in Oy, pipiens and Ae. reemioriiimchny infected with Kifi
Villey fever (RVEF) (500 These experniments were carried
oul b canstunt lemperatures, bul exposmg populations to
evelical emperntore regimes had linde impact on ETPs
Pwes o these studigs (AT EIPs observed under ovelical
temperntures approsimated. E1Ps observed ot the average
temperatore experenced during noeyele

Eiltects of temperature on BIP are linear only over o lim
e temperature range. W emperntures are oo low, the vi-
rus eyele is interrapted and the virus remams dormant. This
oo development lemperaore wis estimated as 1750 for
O geiinggnefasciany infected with St Lows encephalitis vi-
rits (SLEF (31N High temperatures durmg EIP also have o
deletenons elfect on vires rephcation, Exposure of Oy o
seehiy inlegted with WEE o 32°C caused the infecuon rue 1o
dechne aver me (49 Values of these extreme high and
levae femperatures vary by mosguito and vires (521,

AL least two studies demaonstrated that larval nutriaon
s bpact on vector competence. Cu trifaeniorlivee i
levae venred on low-guality diers produced greater tiers ol
JE viros than laevae reared on high-gualinty diets (45). Ae
friveininy larvae were led diets tha prodoced small, me-
divm, o Large adulis (535, Small females from autritionally
deprived larvae were more elficient tansmitters of LAC,
This eftect was auributed o larger blood meals consumed
by smaller females (53). A similur resolt was seen with Cx
triraesiochienchins females from larvae reared or different
densilics and mfected with West Nile virus (WNV) (34)

Infecting viral dose has been shown o mfluenee subse-
guent viral tter, Obviously, at Jow doses the virus may 0ol
reach MU threshold. However, once M threshold has been
reached, the infecting dose may influence the number of mid-
gul epithelial cells that become infected. This in tum could f-
fect dissemination of virus ino the the salivary gland. which
suggests thut EIP should be inversely correlated with infect-
ing dose, Iy support of this, EIP in Hacmagogus capricorng
occurred 13 davs following ingestion of o moderate viral dose
and [ days afier ingestion of @ high tter of viros (46).

Yariation for Flavivirus Vector Competence
in Aedes aegypiti

Several studies have documented wide variution wmong and
within populations ol Ae. gegyvprd in vector compeience [or
flaviviruses, Geographic variation in oral infection rates
with YF was demonstrated among 28 populations of Ae. de-
gyptioworldwide (33), Patterns of oral susceptibility corre-
lated with the eight penctic groupings idemtified by allo-
zyme analysis previously described (17). Least susceptible
mosyuiloss were [rom the sylvan formosas populations { 7-345
with disseminated infection |I]1, whereas preatest suscep-
tihility was found in populations of the Canbbean domesne
aepyil subspecies (34539 DD and Bast Afnca (29-537%
D1 Acsimlar-set of 32 experiments anadyzed 13 geographic

populations of Ae. aegvprn from the South Pacific, Southeas!
Asia, and East and West Africa for susceptibility to oral in-
feciion with the four dengue serotvpes. Populatons [ram
the South Pacific and Southeast Asia had higher susceptibil-
ity (S=62% D1 than populatons from East and West Adrica
(0=12% DI).

Miller and Mitchell (38) presented data oncinra-papulation
variation i oral susceptibility W % F within a populaton of
A argyvprt formedas from Ogbamesho, Nigeria, Investiga-
tors determined the proportion of orally inlected indivadoals
with D in 28 Farmhes and those triansmitbing vines it
sitckling mice. DM orates varied widely among Bamilies: in
some famihes no members developed T, whereons i others
up to J0% of sithhings extubited s Transmission rales
were also broadly distrbuted among famibies, from 1) o
A I contrast, among towr amilies from Poertos Rico
A, wepvpr wepyirl) DO rates ranged  Tram 27 oo 05,
while transmission rates varied Feom O to =BV Do the s
stpdy, D el trnnsmission mtes in Both subspecios were
alsor examined in the four dengue serotvpes and Upanda S
and Zika Daviviruses, DU and teansmdssion rales were come-
lated with those observed with Y, sugzesting o generalized
respartiae for aviviruses,

Wallis et al. (55) were able o select releciory (5 DL
and susceptible (295 D) Hines of Aes ceegyened Trom o popu-
lation with average susceptibibity of 15%. In.contenst, Miller
and Mitchell (38) were able o select completely retractory
hmes from an Ae, aegypn formaosis population and o highly
susceptible fine (=490%) from an Ae. aegvptt gegypn popu
lation from Puerto Rico. F| progeny were intermediate in
susceptibiliny. suggesting that alleles at loci conditioning
vector competence ace additively, Ofspring fvom Fy back-
crosses (o susceptible parents approached  susceptibility
rates found in parents, but offspring from backerosses 10 re-
fractory strains remained 30% susceptible, This suggested
involvement of mubtiple loc affecting vector compeatence in
mansmission of YF by Ae. aegvmt,

Intraspecific varation in oral susceptibility is not unigque
1o Ae, gegvpri or Haviviruses, Similar varjation has been
identified in a diverse number of other vector species with a
varety of arboviruses: These inclode Ae. albopicries for
BEN. (36} Chikunzunya virus (CV) (57, Cux omarsalis Tor
WERE (38391 Ae. mriserigts Tor LAC (60), and Cu. frie-
pierfevnchins wo JE (41) and WNV (617

Quantitative Genetics of Yector Compelence
in Aedes aegypli

Cramtitative genencs provides a usetul ool For determining
the degree to which a phenotypic trait 1s controlled by ge-
netic and environmental Factors. [t also provides o means o
determine the wavs that alleles contribute to the phenotype. We
have discussed that susceptibility 1o arboviruses appears o
be under the control of multiple Joct and subject o environ-
mental efféets. We performed a quaniuitive genetic Souily
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of the ability of Ae, gegvm 1o propagate DEN-2 10 the mid-
put and noa dissemmnated infection i the head (31) 10 es
the utility of guantitative genetics in assessimg and guantify
ing genetic and environmental components of vector, This
study was conducted with a standard half-sibling breeding
design in which Ae. aegypt aegypn and Ae. acespsi firme
st were orally anlectéd, Alter 1d-day EIP. TCID, was de-
termined in midgt (MThand head tssoes (HT)

We showed that genes that act additvely 1o control the
ahility ol Ae. aeevers midpot epithelinl cells o propagate
PYEN-2 sarus aeconmted Tor 4195 of total phenotype varia-
tion in both subspecies (311 In Ae aegevprs formaosis, dorm-
. genes accounted for an addinonal 9% of phenotypic
variation, Genes controlling the ability of DEN-2 virus 10
propagate in head tssues act addinvely i Ae. aeevpn for
aeasaes aned uccomnted Tor 395 of phenotypie vanotion. In
comrast, a0 Ao aegvn gegyn penes winle addinive elfecrs,
i sceounted Tor only B9 o virianon i HT. Instead, dom-
Nt penes appeared o control HT an tes subspecies and
accounted Tor 54% ol phenotypie vanation. Genes that con-
ol MT peted siimaluely in bl subspecies, while genes thit
control HT ditfered, MIB genes in Ae. aweypns formosuy
permied wlections i oonly 1% of individoals, while MIB
genes in Aes aegypnd gegvptt allowed up oo 65% of individu-
itls e Become inlected.

Chce infection of the nudgut eccurred, the wmount of virus
propagated inopodgar epithelil cells was the same between
subspecies. Similurly, once the infection had escaped the nud-
gud, the amount of virus propagated m the bead (und presum.
ably other body fissues) was also the same 1n subspecies. Fur-
thermoere, the amoum of virus m the mdeut did not influence
whether. o how much vires would escape from the nudeur

These results suggested that @ lesst two genes or sels of
genes control vettor competence in Ae. aegypti, one set con-
trolling MIB, the othar controlling MEB. Multigenic control
of vector competence for Maviviruses in Ae. aegvpri had been
suggested earlier (32). By crossing strains of Ae. aegvpr with
high and low susceptibility 1w DEN-2 vinss, these investiga-
tors reported thal the resistant phenovpe was dominant,
Other authors found that several genes of major effect con-
trol flavivirus vector competence in Ae. aegypr (353, Miller
and Miichell also concluded that more than one gene was
involved, but that there were likely two loct of major f-
fect (38),

Mapping Genes That Control Flavivirus Vector
Competence in Aedes aegypti

All research to date indicates that level of DEN infection in
Ae aegyprt 18 0 quantitative rather than a discrete varniable
appearing to be distributed continuously among individuals
and subject o environmental effects. Recent molecular ge-
metic amd statistical advances permut mapping of loci atfect-
ing expression of goantitative toits, lermed quantitative
trait logi [OQTLY, Severson and colleagues (62,63 ) mapped in

Ae aegypn the QTL that condinon susceptibility 1o filmial
worms () and those conditioning avian maliaria suscepti-
bafity (651, We mapped and characterized CFTL that control
midgut mlection and escape hiriers, thus conditioning vee-
tor competenee of Aes gegypid Tor dengoe vicoses (29, We
showed that alleles a primarily two independently seoreeat-
ing loch ereate MIEB (Figure 3), Alleles ot these Toei act addi-
tively hoth within cach QTL and wdependently gmong
T Wheore recently, Beonett funpubhished anlormiation ) bias
whentitiod an MEB (XL on chromosome | (Figure 31, Sus-
ceptibility alleles ab this locus appear recessive reladive o
those controlling MEHR. Thus, in genernl our results sugpesi
that ransmussion of deague 1 g quantitative genetie el un-
der contral of ar least three mdependenty segregutng loci,

Grenetics of Yector Compelence in
Aedes aegypii Populations

Iinformation prt"\t‘r][r:d i this review SUEEesls :L__'.l.‘lll..'l'il.l
maodel for the dynamics ol flavivires vector competence in
Aeaegyvper populations, Cur results sugpest that variation in
dengue infection rutes among natural populaoons o e ae
gvpre muy be due wosegrepation ol alleles ol cach ol the
three QTL Differences in dengue susceptibilicy between
Acc aegyprl aegypti and Ae gegyptl forieosiy popualations
may reflect difterences in Fregquency of alleles ot MIB and
SMEB loci bur may also arise from differences in the presence
ol specilic MIB and MEB loci between populations of boll
subspecies, However, mapping experiments deseribed pre-
viously are artificial becanse Ae. aepipti eyt and Ae e
wypi formaoyas populations are sympatric in limited regions
of Africa, Therefore, we do not know whether the sume logj
and alleles are segregating within natural populations of Ae,
aegvpn, We are corrently mapping MIB and MER alleles
among collections within Mexico (Figure 1), where there 1x
active dengue ransmission, o determine whether alleles m
the same QTL are segregaung within o single population.

Genetic resules o date suggest that allefes at the three pe-
netic loct associated with DEN veetor competence should
vary independently in frequency amony populations. Inde-
pendent segregution in addition o a myriad of eovironmen-
tal factors defined carlier suggest that Ae. eegypti popula-
ton will probably be composed of varving propartions. ol
incompetent gnd compétent manuiTnn;‘e.@;‘, Mosquitoes will
range from completely refractory (o oral infection, 10 sus-
ceptible to midgut infection but unahle to transmit virus, to
tully competent to aequire and transmit DEN.

Recently, Benneit and colleagues (66 teswed this model
by estmating MIB and MEB rates in Aes gegyvpdi popuola-
tions from throughout Mexico, Masquitoes [ram these loca-
tioms were rased o adults and then fad o blood meal conlain-
ing 78 log,; TCID, of JAMI409 DEN-2. Alter o 2-week
EIP, mosquitoes were frozen at — TOPC, The head ol the mos-
quito was removed, crushed, and tested e DEN-2 infection
by a standurd  immunofloorescence assay, 10 infecled, the
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Figure 3. Locations and activities of the three QT affesting MIUB and MEB for flovivimses i dedes gegvpi.

mosguito was designated as MIB—, MEB -, Midgut was
dissected in mosquitoes without infected heads, 1T midaw
was infecled, the mosquito was designated as MIB—,
MEB A 5 if midgut wis uninfected, the mosquito was desig-
nated a5 MIB- , MEBT MIB rate was calculated as number
ol MIB+, MEB? mosquitoes = total number of mosguitoes
analyzed, MEB rate 15 number of MiB—, MEB -~ mosgui-
toes divided by the number of MIB—. MEB+ and MIB—,
MEB— mosquitoes,

Figure 4 illustrates that there isa great deal of vanation
m the fregquency of alleles that control DEN-2 vector come-
petence in Mexico, However, Figure 4 also indicates that al-
leles do not appear to eperate independently as predicted:
pote that there 15 a weak but significant correlation between
MIB and MEB rates; This sugpesrs that MIB and MEB miwy
b controlled o part by similar genes, In other words, a
wene that confers an MIB muay also confer an MEB. How-
ever, the correlation is not strong. supporting our prediction
et inclependent sers of genes control MEB and MER

Identilication of Grenes Contralling Vector Competence
in Aedes aegypri

Ohur results suggest that alleles at primarity three indepen-
dently segregating loci create an MIB or MEB [or [Tavivi-
ruses in Ae, aegvprn Alleles ut these loct aet additively both
within each QTL and independently among QTL.. Other 1nci
of minor effect may alse be involved. The additive. genetic
pattern observed could reflect ditferences among genatypes
in 1) density of a virus recepior on midzut cells, 2y abun
dance of mitracetlular factors needed for vieal replication, or
31 abundance of intracellular inhibitors that reduce wviral
replication. However, very little is known concerning recep
tors or substances i mosguito madgat cells that conditon
arbervirus infection and replication.

There is a variety of laboratories developing physical
maps of Ae. gegyni and many investizators eventually envi-
st an Ae. gegyvprt genome project. However, given the
large physical siee of the A gegyptf genome (T50-8472
Mhp) and low recombimational size (165 oM = 1,1-34
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MbpfeM, depending on chromosomal location), other ap-
proaches will be essentinl in identifving condidie genes.

Wi live been largeting genes expressed i the madga
and whose penmme location maps witlhin currently idenn-
lied MIB and MEB QT Note than alleles at the curly
Ieypsin locus strongly cosegregate with DEN-2 midgut sus.
ceprihility (Figure 3 however, so do any other genes tha
cosegregate with carty trvpsing Barly trypsin is the primary
part of-a unigue signal iransduction system. A darge pool of
transcribed messuge resides 0 midgo of newly eclosed
adultz (67,681 Translation of carly trvpsin is not induced by
nectar feeding but by blood feeding. Its function may be 1w
taate the incoming meul o determine whether there is sutti-
cient protein o support a gonadotrophic cvele. s, the sie-
nal transduction mthwiy activates late trypsin transcripnion
1o digest the blood meal.

We conducted a series of experiments 1o test invalve-
ment ol trypsins in vector eompetence, Mosguitoes from the
Puerte Rico and a highly DEN-Z-susceptible laboratory
strain of Ae. aeeypr (1353) were split into two groups. One
group was fed DEN-2 infections bloodmea!, while the sec-
ond was fed infectious bloodmeal laced with sovbean
irypsin inhibitor (S3T1. Tn the Puerto Rico swain, treatment
with ST1 reduced DI by 405 m the 383 struin. 8T reduced
0 Ty 205 Thus, inhibition of tryvpsins i the mdgut of Ae.
eregyptl signilicantly reduces DEN-2-disseminated infection
rate {Benngtl ¢t al, unpublished). An identical result was
obtuined by knocking out the early trypsin gene (Sdanchez et
o, unpublished), Early trypsing therefore, seems a reas<on-
able candidate gene. We are cumently examining involve-
et of carly trypsin in MIB and MEB in field populations
of Ae geiwat in Mexico using population genomics ap-
proach (69} (Gorrochotegui-Escalame, unpublished). M-
croscopic investigatiwon of DEN-2-imtected mudgut epithelial
cells may also provide clues 1o MIB and MEB mechanisms.

Preliminary observatnons suggest that apoptosis muy alse be
imvolved as a mechamism of MIB and MER ( Bennett ¢ al,,
unpublished),

Muany approaches are underway 10 identily genes
condition vector competence for Favivinuses in Ae gee v,
Tt ws clear from mformation presented inthis review that mo
single approach will suffice. Monetheless, identilication of
candidate genes wsing modern genelic reagents (e.g,, physi-
cal and intensive linkage maps, bacterial aroficial chromo-
sommes, express sequence tags) and echnigques (g, sub-
iractive clONA hibraries) would seem o offer promise
whentifying penctic components i Ae; geespn that condition
susceptibility o the arboviroses that i ransmits,
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