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Abstract

Establishment of model organisms can greatly enrich the understanding of developmental diversity and the expansion of
biological knowledge. The fruit fly Drosophila melanogaster, being an important model of developmental genetics, has become
one of the notable examples among animal models. Aphids have a long history as a notorious insect pest, but they have not been
considered as an insect model until the recent publication of whole genome sequence of the pea aphid Acyrthosiphon pisum. This
accessible genome has allowed studying developmental polyphenism, adaptation, aphid-bacterial symbiosis, and virus
transmission—all of which are research problems difficult to access in existing model organisms—on a molecular and systematic
level. Here, we review the progress of germline specification and anteroposterior axis development in the pea aphid, describing
how the pea aphid has become an emerging insect model for developmental studies. In addition, we also argue for the urgent
need of functional tools necessary for genetic analysis and propose future studies on both basic and applied agricultural sciences.
Our ultimate goal is to establish aphids as a mature insect model.
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2008) - HAIH Ha = REEEYNITEF
250 fd& - EME AL REYIRE 2 e
(vectors) : RJLUEF, » WF & fEAE IR —BHRE
Bk — B AR - SR ERER
(Oerke, 1994; Blackman and Eastop,
2000) - At - gt SR — BRI E R L
SR~ O3AR B -~ DS R C B E T
B SERE R (Oerke, 1994; Blackman and
Eastop, 2000; van Emden and Harrington,
2007; Miller and Foottit, 2009) -

e 2RI e Sy B AR SE s 0 BAE 2010 4
i WF (Acyrthosiphon pisum) ([E— A)
BERBG I AR W& AR REF SR
@, 51l NI AEHEA 2 E R L (annotation)
Z BRI B 5 B i AL 2 o7 s B PR G e} e
(AphidBase) 7% (The International Aphid
Genomics Consortium, 2010) BlE52 115D
TRER 4 B RN IBE I 2 B8 - KRR 22 245
{EFRET AL RS Y FE 2K AT AR W R A%
F:iff (in situ hybridization) Y& 22 217
(Chang et al., 2008) > JRiEE— (L TR B EE
BN R R G o BEATT S Ran s AR
JEFrEA R 5E R - aI(E DNA oIz Bk
0% eIl Fe e » LG - 2RI aR R 2 A 1
ENBREEAEY 2 VIR - (A E T
B R a2 B - R EJE(EE (Brisson
and Stern, 2006; Srinivasan and Brisson,
2012; Bickel et al., 2013)-1F s iEH 2 4
VIR R AR

(—) WFas B S s A M A R i AR
AEHHRK B W AR AR i £ A2
HA >~ 3 #2% (Dixon, 1977; Miyazaki, 1987,
Miura et al., 2003) » fFEE 2[R (EHIEE
) e LIRS E (parthenogenetic and
viviparous) HYFAREENTZMA (Blackman,
1978) » {EAERKEEAW) (O H BEIER) - H7AX
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FRAGHEE LA AR AR - B N7 Ry
ZAAMEPEAT MRS - FEACHCIRZE TN AT PR A
ZHYZREON « AR R IN F PELEYER L)
(fundatrix) > X [a[Z(fiEAETE (E— B) (Lees,
1989; Shingleton et al., 2003; Le Trionnaire
et al., 2008) -

(=) s BEAIEEH ZHEH SN
(developmental polyphenism) : HEjE4 »
A 2 B ME 7 i AR IR IR IR 7 2 LA R
(Lees, 1989; Braendle et al., 2006) - 4[] »
R EHIREREE 2 R TS S AR
MR B RN B ERIGR RN » SR
R H AR DRI RE s =)
1% ZBEGATIE R - SGHE EH R BN - AT &R
BT 2RI ERM - A IR R E T
EEE % (E— B) (Braendle et al., 2006) -
TEREIRYAETERES - Whas N s 5 2 28
M- B HEERIBIES 2 — B B8O (ovarioles)
Gt AU L TR A I a5 - TR E B
ARstERy N ~ BHEZHVERE (6 2 10 &) -
1 B - B AR e o v O RR 4 B & A 58 B A AR
{ERsRERE - TEARIRAS  AE A MM AR I 225 o
B ENERGRRRE R E TS 2R 2R8I H BRI
b (1% 2 @) > ZEREE BRIV 2 55T
(Le Trionnaire et al., 2008; Davis, 2012)
(=) -

(Z=) sm BEAZEALEER
(endosymbionts) : HFTEAI » i & F 22 A
45 (Buchnera aphidicola) B G0F 55
WY R & R TR 2N - DA &
JEELEEE PR AL ER (% (Munson et al.,
1991; Douglas and Prosser, 1992; Hansen
and Moran, 2011) - (& 7 &&EE (Douglas
and Prosser, 1992) > 4 [ %iF 52> s
(Laughton et al., 2011; Oliver et al., 2012;
Schmitz et al., 2012) -~ 3R1E[i{<Z M (Montllor
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BIEMFEIESE - (A) HMMEETBBRAEBIERT (Acyrthosiphon pisum) - BRE 2z = piaE—Es ; HINMEE
ERALRE AT RMERRZ BIR (B« RLH8) - (B) BISWTEIER - BMMNEMH LR B BIRTCBIREMHRE -
#F EmE GalIlaE X EIHRNA K 10~14 BA—K - ZUSBRZE AR CEHEEIRE -
EHEEGSSE TAME B RREES X  EREESTRAEE TRENINKES - £1F Wt E
& (VEEARE) BEREAMEE BB EAXETRN - ERMHER  EUSTISHFZER
BREZRERNE  BAZHBEE THEZ TR UFEE -
Life cycle of the pea aphid. (A) The parthenogenetic and viviparous pea aphid (Acyrthosiphon pisum). Three
adults plus one nymph of pea aphids (all females) are shown in the image. Red spots are compound eyes of
the embryos harbored within the abdomens of the pregnant adults (photographer: Shipher Wu). (B) Life cycle
of the pea aphid. Alteration of asexual and sexual reproductive cycles depends on the lengths of photoperiods.
During spring and summer, aphids produce offspring parthenogenetically and viviparously and one generation
takes about 10-14 days. In response to the deceasing photoperiod during autumn and winter, however, there
is only one generation of the sexual morphs are produced. Males and females mate and lay diapausing eggs
over winter. In early spring, nymphal aphids (called fundatrices or stem mothers) are hatched and will develop
into adults for parthenogenetic and viviparous reproduction. When encountering environmental stresses such
as high population density or predation in the asexual reproductive cycle, unwinged aphids can produce
winged offspring for dispersing.
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et al., 2002; Dunbar et al., 2007) LK gE
I8 (Tsuchida et al., 2010) ¥AEEAE
B - ATH S FEHEI R E—P 2558 - A
MEY B S0 2 FL RS e 51 B 55 R ZE BB 55
R EYTEHAA -

e B ZI5E

IrEk N SRR BIR AR B T (EA M
gt 2R BHRERY 2 2R - fTIMEAETE (I
WERGE) <&k o UNE%E (oogenesis) HALfR
%% 5 (embryogenesis) [5] I {F i UF & N #E
175 MITAE AT e - BAOVE(EZ20NE
BT (Miura et al., 2003; Le Trionnaire
et al., 2008) - PRI M AL FEIF &2 O AR ARG 2T
FIROVEN - (EER7ERREH eI 5
ERaE A THERE - WM RER
(maternal genes) HY5§ 5 At FRHLAEE B
HREG o BEAh - (R A TESE Z T ARG S B Y
FH > ERa4REAE R T RE Y ERE (egg
chamber) ' EFHEME (long germ band) 2
JERERHE (B — A~ C) 5 280 » TEFH R AGET S
& (segmentation) [EE: » HAEHIASEIYLE
RAIZEM LR (short germ band) =
(Miura et al., 2003) » Z R[IfE SASET <~ MR
ArbatsE= (B B-C) &5l (Drosophila
melanogaster > fEjfEIRHE) 2RI R
& RITARGET 2 FH LR BTN 2 BT E
HH (blastulation) (& — A) -

Shigenobu % A LA 2010 A4k B 1
EHEGE A CHEAE&FTA 2 %5 F
JEELA (homologs of developmental genes) »
S Sk R R R RS S E R
gD E RN E R s A YRSl A
» 40 bicoid F1 oskar - {H g5 G WY FELR]
FEEAERHVERATA R FEAVER (duplication)
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G 4R JE RN vasa (vas) il nanos (nos)
“H 4 @A [EJFEA (paralogs) » 5 —4E
JEAEA piwi HIEH % 8 flE (Shigenobu
et al., 2010; Lu et al., 2011) fHELZ SE
FEREEM AR RN EHEEY) - LA

0°F &% O] e 5 2 25 2 AR FE AR » DRI 1 B
AR [EI BV AR FE SRS -

MUk E B S B 2 L TEHEET

AETEANREEC E R (L (specification) {%H]]
B AR AGAAE il - DI Y ERE R
ik - HATC B EARER b J7=0A
f& (Saffman and Lasko, 1999; Extavour
and Akam, 2003) » H— AFEA 454 (germ
plasm) BE&E) 4 FE MR L2 B30 (germ-
plasm driven mode) > X ¥ FfH B FEHK
(preformation) % < FIAI/E BT EE B1 -
HA AR SN U R R I - (RATERE &R
AFEAINSATEYTE (germline determinants) »
EAETEANM (germ cells) #E1T T 4HpEAL
(cellularization) | HY[EIRF » B4 A~ ANAERE <
AR JHAHRE R E YV E SN ASHRE - (52 TER)
e AR (primordial germ cells) (& A)
(Hay et al., 1988; Lasko and Ashburner,
1988; Lasko, 1992) - S5—fdi A= JEAMMRHEAHY
FR R EFEF N (signal induction
mode) » XA fyf%4: (epigenesis) il -
K1 o PR A LA ) 2 W) R TP Bl BE Z B
(maternally-inherited) FY4E5ES? 5 K2 #£
ZHER IR T - 5 RS AR PRI < 7751
SRS Z AS4HRE - (B2 E— PR LR WIA
TN - SERNESE B TR LAY A= TEAHAE
S THE RIS PR (gastrulation) » B
Z & es B4 B (organogenesis) - H i
ELFIIEMNDETREE (Schistocerca gregaria)
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Fig. 2. Comparison of long- and short-germ development in insects. (A) Long-germ insects. In the fruit fly Drosophila

melanogaster, nuclear division occurs after fertilization and the cleaved nuclei form the syncytial blastoderm
(syncytium). During blastulation (cellularization of the syncytium), germ cells (pole cells) are segregated at the
posterior pole of the egg chamber, and within the same window of development all segments (parasegments)
are specified. Later, ventral side of the blastoderm further differentiates into the germ band (embryonic
proper). Owing to its equivalent length to the egg chamber, this has become a morphological signature of the
long germ insects. From gastrulation onward, germ band invaginates, extends, and retracts to form
morphological segments. (B) Sort-germ insects. Like Drosophila melanogaster, a uniform cellular blastoderm
also develops in the cricket Gryllus bimaculatus; however, only a proportion, about 30%, of the blastodermal
cells will aggregate to form the germ band. Bending of the germ band occurs during germ band extension,
leading to an opposite orientation of the embryo in relation to the egg chamber. Prior to germ band retraction,
embryo flips and anterior region of the embryo migrates toward the egg anterior. Early embryogenesis of the
asexual pea aphid resembles to that of Drosophila melanogaster — a long germ band forms within the egg
chamber by gastrulation. However, from gastrulation onward, segmentation follows the short-germ mode like
that in Gryllus bimaculatus — the number of abdominal segments increases during germ band extension.
Anterior of egg chambers are to the left. Abbreviations: A1, abdominal segments 1; Ab, abdomen; Ant,
antenna; As, amnioserosa; Bac, bacterial cells; Dn, divided nuclei; Ec, embryonic cells; E.t., extraembryonic

tissue; Gce, germ cells; Gz, posterior growth zone; H, head; T, thorax.

(Chang et al., 2002) ~ &% (Apis mellifera)
(Nelson, 1915; Dearden, 2006) - ZZ&; (Bombyx
mori) (Nakao, 1999; Nakao et al., 2008) - ¢
2B (Tribolium castaneum) (Schroder,
2006) ~ R (Gryllus bimaculatus) (Ewen-
Campen et al., 2013a) ~ 155 (Oncopeltus
fasciatus) (Ewen-Campen et al., 2013b) %
Eedm B PR 1R ARt AR LA FE AR - AR
= 5E (Hay et al., 1988; Lasko, 1992) ~ JE
7 (Anopheles gambiae) (Juhn and James,
2006)~ Z4: 1% (Nasonia vitripennis) (Lynch
and Desplan, 2010; Lynch et al., 2011) f7
{EFHEITE R 1% ARG R e (LB AE
iy By JH 48 (ancestral) ©

P ER A T AR L PRET - FRFIEE
HFEfr &Rt (immunostaining)
Fetfa 7y B E A FEANA vas B nos HI(E LR
%1% (messenger ribonucleic acid, mRNA)
S B RN EY 2 23 - AF AR BT 0T vas
Bl nos ELAMIBLE Vas 81 Nos HUfELLAT -
WM TH g 80T Vas ific (Formosa
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antibody) (Chang et al., 2002) F152 kY
Nos i (Hanyu-Nakamura et al., 2004)
S AT e S B Y
Vas 1 Nos S50t 4278 & (germaria)
EPHVEEMAE (nurse cells) - DR STHETNE)
4B (prospective oocyte) HY4HREE ; 1% »
P ARRRG 3 S HIEHT » Vas B Nos &%
ERBNETR I REE U &R
(syncytium)) HY&li - B 2 HERGAHAE A ZERR T
RCEA - 25 WA iE 2 Y ZY RS a1 an A 4HiRE
bz E (B = A) (Chang et al.,
2006) -

FIFE A SRl - FAFE LU —
TR IERG A FEYHRERY vas (Apvas) mRNA -
B L E YA Vas Bl Nos & HEGEHY
& ImatRe - BRI e 2 4G FEAHRR - B
RREIEHE ~ EAL T3 B I HA A FEARE - Fof
SEI e A TR R L 2 TR e B« 1
R ENEE (embryo flip » X f# katatrepsis)
Al > AEJHAMRE Y “HEARSNER” (extra
embryonic) 7 REE © BT H B & I Y &



5, BRIFEIRRE N > FEEE T ERE AT
I 5 BRERGENEERTS - FHE A RIRRRA » BLERR
fedfl i fix & (coalescence) (Chang et al.,
2007) - SE—85F B R I ER R AR AR TE
AR st > (RS- AR T AR R A R IR R
(EEESEIE (Will, 1888; Hagan, 1951;
Biining, 1985) - Hi#liVE - MRS —4
JEEEIA nos (Apnos) H) mRNA {E1ERIFF LAY
WA AR AR 2 MR B AR TE AR & 5=
5 AERS B TRV A TEANAE - Apnos RYZERFRNNE
AHATRE] [t —4ERER Apnos FIRE(E 281
A TEAANE R EAELA TR R e A
B9 (Chang et al., 2009) - 1 8 {[il Appiwi
EREH » FTMERA 2 @I R ERER
(Appiwi2 F1 Appiwi6) BH—FIF A TE 4
ftL - 2RI 55 5 {8 Appiwi FRRAN A 1 AG AR 1
PHECHIE] (Lu et al., 2011) o MU TEAS
NEEEY - INREERHRAR)KE (Daphnia
pulex): /KFEEF 6 {# piwi/AUB (aubergine)
BN Hp RN 2 ERE R (AUB-E H
AUB-F) E—FRERINE > H555MT 4
(AUB-A -~ AUB-B ~ AUB-C ~ AUB-D) Rlil#
HA SR RGAHAE (soma)- 7K piwi/AUB
FRAT U SR -Re AR A A - fe e Ay 2 3R
B el R ISRy 2 A R (Schurko et
al., 2009) - {1j* Appiwi FERIFE AL 7
BRI IR B B2 B 2
PEHTRTREM: » ZAMIERT Appiwi ELRIDIRE Z fif
M JIREIEE L IAE 2 G55 - 4R bt A
M

(—) MEFEEEWY) LA 17 22 05F]
vas (Chang et al., 2007) ~ nos (Chang et al.,
2009) ~ piwi (Lu et al., 2011) & ={H= 5%
5f (highly-conserved) 4= JERRZ1T40H
AR LA B HIER  vas (DEAD-box LA
1 nos (zinc finger F:[R) B 53 HlISELAEFHAN

B E e 2 82 (translation) FIIHIESLH
R E R By £ I (Razs, 2000; Noce et al.,
2001; Extavour and Akam, 2003) ; piwi £t
=Y Rl 2 Bl piRNA (Piwi-interacting
RNA) #97rT48is - 1A iEAHAE R & BheE 1
(transposons) HYIEME » DLIAERFAEJEGHAEARA
faryseEM: (Parker et al., 2009; Senti and
Brennecke, 2010; Czech and Hannon,
2011) -

() (=M vas ~ nos ~ piwi i Z[FFAR
TEA M REVRI - KA B BB I & 5 (T2
e TR A TEE R RA - e — T
BHEN Z FDRERAVDIRE - BT asEIEE S
S BIVERIRRAR - DAREH EERSEHE -

(=) MHEZE - H SR IR B sy
4% (Ewen-Campen et al., 2013b) - JHERA
AT LEEREA - AISEA TS 58
BIPR A LA TEARE - R - SRR A
PN AR FEARREAH LRSS - A B A TR 2R
o TR Y T U2 A R E Sl H R aa iR
Bl o [EI0F > SEHIR ARl s A TEAMNE 2 38 B 25
Wl H EanEEARE R L INEA B -

Mt Be A B S 9 2 FRBR AU R SR E

br 7 AEEARE AL > RSB E  (axis
determination) 755z FHAMRG R E 25
—EEEN - TR RS E T - DI
TR E R Ry 5e s - REER T E M IR
E{H (forward genetics) Blii[miE{H (reverse
genetics) 7 SRS SR AT SR B BL R DT BE -
It » AF SR T 2 A B AR R A RSl 1
ZHFERCR - ER Ry L T R s A E 1
Hil i E NS EE AR - BRTCA - SRR
&AGEL Z TP RG], gurken (grk) mRNA £l
HE TN BRI | SRS 2 O R
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REt& > FERNEEEE (transcribe) grk mRNA -

M E sk grk mRNA AE— 5 HEE &R
Grk EHHIEN - A Grk &EH 2 B EEL
4 RAFF)Z% (Transform growth factor-o,

TGF-0) EHHVELMHIT - £ Grk EHH#EE]
SRR 2 1% - S ELE R U REHRE S MR 4
fg (follicle cells) FMVEFK 4 ERNT 25
(epidermal growth factor receptor » ¥ 51
Z 445 Torpedo 25 H) &fer » BRI EAHAN
EAFIEEEE > EEZ IR - SRS s
2 (cytoskeleton) fiiif4: > E4H o F&HI4H AL B
IR EMH (ESIRIT AR S 28 2 bicoid (bed)
mRNA i oskar (osk) mRNA 43 RBEE&HAUN

RRAHAE 2 7~ 1%l o 20— 2K > bed mRNA Al

osk mRNA 7 R¥f8 4y 4 (asymmetric
localization) - 17 | UN A& Im AR - [E]HF
bed F1 osk IR K 3 ¥ BE fa AT 12 G @

(anteroposterior axis) HYF ik (Berleth et
al., 1988; St Johnston and Niisslein-
Volhard, 1992; Gonzalez-Reyes et al.,

1995) -

TEORSZ 1% » HEREERT ~ &l 2 bed

osk mRNA &EHEEERETE - 7 hI&E Bed A

Osk #&H (Driever and Niisslein-Volhard,

1989; Ephrussi and Lehmann, 1992;

Macdonald and Smibert, 1996) - 241 Bed
E A G{E# hunchback (hb) mRNA 2 #2% »

R Hb & H7840[ Bed 2 A RS fm 2 Al
Uiy BRI AR Z 12 » TOROREE
f& (concentration gradient) (Driever and
Niisslein-Volhard, 1989) - {1~ f5/F JREs 4
TR &N Osk £ © A Osk EH &R
nos mRNA £ ¥ %I (Ephrussi and
Lehmann, 1992) - ifiji Nos & [ {Ti#:E% > E
T — i FE 1% U B B R FE R > e

caudal (cad) mRNA #2087 g Nos 16

222 BEE&SE=T=8F=~I

FEHRTBERTIRE - B THE#Z 2 Cad &
AR o _Fatd Bed ~ Osk ~ Hb ~ Nos -~
Cad E& H TP 2 R INAE » (EF1ERR
& Rl 1% il Y B8 B A R Y o RS
HE - MERIEERECHES T MU EHE
(positional information) » ¥} 272 S o S &f
BRZ RIA R Fsflifli (Peel et al., 2005) -
AT - SRAEIE G < 3 5 NMEAET AR
T lERE B R EE (B A FHIEHAS
A ERHENE A RS R EMHERNT - £E22
FE RN EaYE S - HRTEA » bed [EF
B RS B A SR A L R 2 S E R
£ o RILEEYD bed WIEMRAZT 48 (V.
vitripennis) 1 % It % BV # & K (T
castaneum) > T hd #1 orthodenticle
(otd) Z W [EIfEFE (synergistic interaction)
HKHUL bed HIFAE - DLEBRIIHNZE S
(Schroder, 2003; Lynch et al., 2006) - fH»
hb B otd Z fg[EINE RN & - R Z
Eeam - RIEAHEH S et e Film 5 2 )7 48
& - HEER I - TAMEASL Aphb BL Apotd
ZEFRB  F R ARG A= 5 S R
JE Z BERE - R IR A G 2 ERaE RS © i
ZR Aphb mRNA 7RI A ONEIAHREAT T
HARRAE 2 Rl (B = B) > B~ Aphb RA]gES
il 2 DA€ s (B 55— 7 Apotd HIZRIRAITE
Rias s THIA R - BURFIH hb Bl otd 2
Th[EIE AL ATl A - AR ARG 2E
i R (Huang et al., 2010) -
&I E )7 H - HBE 2 ARG S
osk [FEFAEAFFA - FATEITHISE nos B cad
B E R RN 2 R > RS Apnos
81 Apcad mRNA 7 73747 > {E BB fF LGS S
25— - "85 Apnos (Apnos1) AR
FHARERG 2R % Z RIS 010 BEERIWIEA
A TEAIRETI R - Apnos] A B —Hr R H



o EERBEET SR Y Apnos1 Rl
fi#z (Chang et al., 2009) - 7454 Nos 2]
TR ENEERENEE (Chang et al.,
2006) » T[] - (—) Apnos Z ENEYZE
EAETEAINY T S BRIRITEE (7)) H
Ji* Apnos E'& 3 {#ll Z[FHEA (Apnos2-4)
9 mRNA Q14a] 73 47 i J& A A - AR % & E
Apnos mRNA ZaFE R HH 2 R E 1
SRR S (=) Nos & H IR A e
—(E=E & Apnos i Z [ELF R EY) - (2
HHIE B ApNosl-4 VUfEH'E > B
#G > J7REE A ApNos1-4 fE1& i B FiE 2
gt s (MY) Ehis Aphb F1 Apnos/ApNos 435I
TERE Wi 2 5 Z I e - AT S {FBH 3 e G
oG 2 pitg i E 2 A

cad BERCHEEESELE (Mlodzik
et al., 1985; Mlodzik and Gehring, 1987) ~
ZF A 1% (Olesnicky et al., 2006) ~ % &
(Shinmyo et al., 2005) i F & F HAIRRG
Z &R - WMEBRF Apcad mRNA #yA~
YT R I RE PR HE I R 12 U R HY B R R » DL
SRt i Apnos1 RIERZ AR - ZAMIREAL
FEE Y& RN © Apcad 73 M IR $t
(antisense riboprobe) it 5 FEIRHA > 1% ] fd
TERRREIY IR - S Apcad Ry IMERG £ B0
AR RIGELR 5 28I Apcad HYFRIRANHE
M AR R & ~ UNERAHAE - ZERREA Z RIAYAR
it (&= B) - 28 FH B RS R & iy S
#t PCR (reverse transcription-polymerase
chain reaction, RT-PCR) 1l 7E:E » J1
TESAH A 2 455 - AHE cad RERIAEH B
T EeaRH NI HIIEAG » Apcad 1£FHAZ HHY
A E EIEHAY (noncanonical) Z{1] « FA
J5 DA Fs A 1 A B 42 B0 5.0 A RE B 22 5
Apcad HYFEEAIFRER - ZRIMAEA MEIN A3
W% » Apcad FFIRAKES e A2 A A FE R & A

UNEE4HAE (Chang et al., 2013) - ZATMARE
Duncan %5 A ¥ 74 A M 42 78 1F & 5 521 B Aa
Apcad FIHZWTTHEUR » BE& Apcad TRAFR
NG - B 2 iaRS i Ia RIS
A R IR (8= C) - Kt Rawit
A M e A4 T R IR RS (R AR L 2
Al » B0 N PL Apecad 1F Ryiglind 5 2 b
J#AT (Chang et al., 2013; Duncan et al.,
2013) -

475 Apnos 81 Apcad Z TR » B
HERIIMERG A i 0 > 2 A PR - D
] A A A B S B A A B e % i 5 B 4
P& RZTHAZR 2 25 (Chang et al., 2009,
2013; Duncan et al., 2013) - B AEF & 12 U
S E Y T HY T (components) » RRTFETT
2 VI B~ TSR (R - BRI
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(posterior localization) #7775 E8YF &5 Al
%% (terminal patterning) FYR%E > IR
tE—HESm © LA torso-like BLRIEHE Z 0 Wi {lE
AT RAVE SRR - BfaE e B A
H P38 3R 0 SR R s 8 B 4 MARSESIUERR
FiFsEEE A (Bickel et al., 2013) - 478 £
Vg B L HE o748k - IR AIEE
Wnt HEHZEPRK (signaling pathway)
W% - FEA B 45 BT & f% Ui 55 B 5E S0 HU 4R
R WERITHZERDT © (ks - 25kl
PR & wnt BRE T cad FHN&LGE
& (growth zone) (Bolognesi et al., 2008;
McGregor et al., 2008; Chesebro et al.,
2012) - BEZRE(E IR (i a8 B R AR 5%
BriirgntRE - R TFR wne
EHS 0 & P %G SRR - BE
AEZCIE)Y) (deuterostomes ; 41 : &£
* B FIFECIENY) (protostomes 5 G140 :
~4RER S JKEE) B o Wnt SUE EERRRE
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RERREASEME - REPMEHERLKLSRER - tREETR AT REHE » Aovas mRNA 157
BE-wRBALEMRE - ZFATERHESREMEIEREN ApVas M ApNos EH - AMEMESAH
Appiwi2l Appiwi6 & & EHIRE - SREHIRR - EIEMBRAYZRIR - A Apvas mRNA BIRMERRNLL - HFLASITRR o
SFREERAAMHHEAMBRORTERTE—SME - (B) HXEEREEMEESMINETHRE - Aphb mRNA 15
St FF SRR - BEENSHERIIANERER Aphb mRNA A1 EIERIH T8 » ERARAIRIR Aphb FIFR
RAMSRCRBSHEEMN - Avcad WERREERFANRMNENE - S RINEMMREEEMR - B2 Apcad £
B BERMNRE  HAEBBNEEMBEPEREENE - EERPIORS » Avhb (RTE(RE TR
FIROGIE ; T » CETEECER 2 AR P IEIRE R E &R - Apcad BRI — EHHF R GRA AR (C) %
BAREAMEEGSNHNENMEERIRE G - AHEEGSNHINE L A 2R - EFEERRMNNE
HMBEAEOKESE) - A Aphb 1ZfEMHAAIRIT » Aphb mRNA 1951 RITH L BT B & RERIIB MR Fi -
RH51  Aphb RORIRH IR ERERI - ERIMIPE A EREHAOIRT » TR AT B R 2] Aphb #9195 » %8 Apcad
mRNA AR EFRIERI R - T4AE - ZABERERTT - #5 - Ab—f8EE ; Ant—fi8f ; Bac—AH#ER ; Dn—
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Fig. 3. Expression of germline genes and developmental genes in the pea aphid. (A) Germline genes in the asexual

ovariole. Apvas mRNA is evenly expressed in nurse cells of germaria, developing oocytes and syncytia.
Specific expression of Apvas mRNA can be identified in germ cells from the blastoderm stage to the end of
embryogenesis. Localization of ApVas and ApNos proteins is detected in the posterior region of syncytia.
Distributions of proteins of ApVas/ApNos and transcripts of Appiwi2/Appiwi6 in germaria, oocytes, syncytia,
and developing germ cells are similar to that of Apvas mRNA. Therefore, they are not illustrated. Expression of
germline genes in the sexual embryos requires further investigation. (B) Developmental genes in the asexual
ovarioles. Universal expression of Aphb mRNA can be identified in nurse cells and anterior localization of
Aphb can be identified in oocytes and syncytia. In blastula, signals of anteriorly localized Aphb mRNA become
very weak. Apcad mRNA is first expressed in the posterior region of the blastula, including blastodermal cells
and germ cells. However, germline expression of Apcad in the blastula is transient because it cannot be
detected in migrating germ cells afterwards. In elongating germ band, Aphb is preferentially expressed in the
head and thorax; from katatrepsis onward, preferential expression of Aphb can be detected in the central
nerve system. Transcripts of Apcad are restricted to the posterior end of the germ band throughout
embryogenesis. (C) Developmental genes in the sexual ovarioles and embryos. Please note that the sexual
ovarioles do not harbor embryos. Expression of Aphb, like that in the asexual ovarioles, is detected in nurse
cells as well as the anterior region of developing oocytes. After fertilization, preferential expression of Aphb
remains in the egg anterior. In the invaginating germ band, Aphb is uniformly expressed but expression of
Apcad is located in the posterior region. Anterior of egg chambers is to the left. Abbreviations: Ab, abdomen;
Ant, antenna; Bac, bacterial cells; Dn, divided nuclei; Fc, follicle cells; Gc, germ cells; Gl, germarium lumen;
Gz, posterior growth zone; H, head; T, thorax; Nn, nurse cell nuclei; On, oocyte nuclei.

W B S B % /& (posterior identity)
Z ¥ (Martin and Kimelman, 2009;
Petersen and Reddien, 2009) - [F|It;; » DL wnt
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RIThEE 53 AT T2 (tools for gene function
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(Shingleton et al., 2003; Le Trionnaire et
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fil 1% » PR E MR (8 TR AR RN
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A B0 SRR R 25 A RNAG S0 e A
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(double-stranded RNA, dsRNA) » ERH%]
B RIR I s AR - 1 BRI R E 40
~ 60% (Jaubert-Possamai et al., 2007;
Pitino et al., 2011; Pitino and Hogenhout,
2013) - £1> dsRNA ¥FRIGLHGE FHyAL
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Table 1.  Comparison of RNAI technology in aphids

Species Target gene Location Methods ~ Concentration Efflimen.cy of Lethality Reference
silencing
Acyrthosiphon  ¢002 Salivary gland  Microinjection 50 ng - - Mutti et al., 2006, 2008
pisum
Calreticulin Whole body Microinjection 276 ng 40% 15-45%  Jaubert-Possamai et al,
2007
gus & vATPase  Intestines Artificial diet 3 ng/uLL - - Whyard et al., 2009
Aquaporin Intestines Artificial diet 1 pg/uL - - Shakesby et al., 2009
Myzus c002 Salivary gland  Transgenic - 60% - Pitino et al., 2011
persicae plant
serine protease  Gut Transgenic Bhatia et al., 2012
plant
Mpland Mp2  Salivary gland Transgenic 40% - Pitino and Hogenhout,
plant 2013
- ' no data

RO ARG Z > U T HAIRIEY EHRY - &
IR XA 1R 12 BRI B i A PR F B A
BB T > CACTERE - i - BER
S BYIHH2 (gene translation)
FF7EE mRNA (pre-mRNA) 5733 (splicing)
iy T RIS (antisense morpholino
oligonucleotides, AMO) ;, (Ekker, 2000;
Heasman, 2002; Bucher and Klingler,
2004; Coffman et al., 2004) » JRE]EEEFEH
it s LR ThRERYE T < 2RI AMO B %
MR EEAY(ERL - EEEAIA% dsRNA A&
WL EARZ B 18 SRE R R BOR AR 8E
2 BRSO S bEE R R4 RE S E B3 i
Wi FE  (Summerston and Weller, 1997,
Draper et al., 2001; Eisen and Smith,
2008) - faEHFY AMO B8 FHARAG %
BARNIh A Z N H i iE £ (Nasevicius
and Ekker, 2000; Eisen and Smith, 2008;
Bill et al., 2009; Bedell et al., 2011) - E{/5a]
RE AT s P HA 2 B AR o] fer EE Y TR -
S—J71H » Yl B AR A A
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7% 0 BRI s T RSB B 2 R M A
EH AT - BA RSB SR
HYESR I T - 28T EAMIRY R o Ay AR T 52
A BRI MRS - B MRS R
HRER ST 7] P 6 EH 5] — 4H L PRI 2 8 8 122 i A
A TE HARAVIEIE - ek A MEERIEEM LA R
RPN > B REMR R AES - M
Z HIFRAZEY 8 { piwi I &[G FERE E H
e HBEAEENRIENE (Lu et al,
2011) - fii I Aphd fEfEME (B = B) ~ Akt
 (E= C) UNMEIVFRIR Z 5% > BHEIHA
B K Ui 5% 5 4 B AE M AL A 1 AR Y
(Bickel et al., 2013) » fE{EH B RIT 5% A
“WATERR A Y3 5 B [ 2K 342 13 W A A JA fHE
REVEE < A Bl R TRk
RE BRI S i AR AT TR 2 H AT
RFERARINZ FEES - A A REE R B e gy
51— DBER - YR e T EL A T
MRS Z Utk e i R 3 A AL RG
& SRR SRS 2 A M I A B
(E— B) - fEF] KR EEERIEY 2 sk
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ABSTRACT

Establishment of model organisms can greatly enrich the understanding of
developmental diversity and the expansion of biological knowledge. The fruit
fly Drosophila melanogaster, being an important model of developmental
genetics, has become one of the notable examples among animal models.
Aphids have a long history as a notorious insect pest, but they have not been
considered as an insect model until the recent publication of whole genome
sequence of the pea aphid Acyrthosiphon pisum. This accessible genome has
allowed studying developmental polyphenism, adaptation, aphid-bacterial
symbiosis, and virus transmission—all of which are research problems difficult
to access in existing model organisms—on a molecular and systematic level.
Here, we review the progress of germline specification and anteroposterior axis
development in the pea aphid, describing how the pea aphid has become an
emerging insect model for developmental studies. In addition, we also argue for
the urgent need of functional tools necessary for genetic analysis and propose
future studies on both basic and applied agricultural sciences. Our ultimate
goal is to establish aphids as a mature insect model.

Key words: aphids, embryo, model organism, developmental polyphenism,
germ cells
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