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i U & I

1. BROTFY1Y

BiUx4 25 35 THEMCHHEL 2 L &, RUICHELAER2AD BYRD 4
FZTHWEETH S, MO, BEOEMBOEY & THANIZE L, EIEH (547
AZAN) DERECBOTEATHYS, ZDKI) HREHROBEREZAHEICL - KE RERA
&, AN - BELTHZ Lvbiitnd, THRIFS ) Lw) SEICRMI NS LI o
INE WV, INITH BB OEMS 25, ROKRE IR T Z DRRIRTHER (A B HEE)
MEDIEBEDPICKRE Y, £, BERINERTH 2D THEE (integument, VhH W 344
¥) o DZWIE, A (haemolymph : iV »/%) OERICER TS, Lizad->T, B
ZERBEEERE L LTWw34 (ORI L o THRD & ORI HH WICER ¢ % 3
THY, MNKRGDOIXFRAY R (EEHHMER) 12 RREEM CE ZIEN 2 2D ICRER
HED—DTH B IHH v,

WU E L) B YOG E IRT 220, BHIESE#EDERE (cuticle:
737 7) 2Rb, BREK I>TRED L) KRB LREEZBRTI250b 05, —4,
[RZAGIT L BIEK - AKBRICK ZBERZE W) HED BRI TOrhIER S &
Vi, ZDTDICEREEEPKEPEAELELTw 3, MEREYTH 5B RIZARNHD
SR EFTRCEMAEL LI RRTH LY, RROBRICIIER (F25H) DD
SDilEE (5 trachea) PMEHETZ L ICHBRICHMLC0S, BEELRCDT, BE
FERKE BICHD LTw 35M SIS Lo TRE~NRAL, A& IFEBMAE (tracheole)
Lo THERADTATRICHRL, SN CEEREZ2IEIE v (BEEE
AR . SERBEHCOHLTREDT, F A% E IR - RSO R E %
RlzLTwi tEzons,

BHO—BIZEMOMRTH 5, NI BEITHEET 2 E Ky ZRABICAALT
AEDTAF RS LR, Bk - A8, AMETHEELTWS, BEE2EA, HIGREL BN

ZILEE D7Dz, BEEECKRIBEEOFRENRROERRICENE25 2, OB

BRI eRIPT ARSI TH LI L2 D LA T TEMTIHEHLTER L WA
5, EbEDBEDILICHC—EDOPT, HOEDEEDAZ Ty T&ENVFZFEZELT VS
(T, 2001) . FHEBIYIO & 9 BEASINAE R &2 K- WRBRTIE, Z20Fnofl - M
RSHRICR S 7OIRBIC S D, MRS (BEERED) & O % R I AL 2 fik o
AT 57 LTHEETY, Hl=FERMROMERHE X b QEENTH 5, BEEIRSIEREIC
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Lo TR S 1A D pH « A & VO AR D 1, RAO M OE X~ 51
V7 MICEHL, AL LTORBIEHRPIEREN I KB I Tns tEiohs,

2. RRBOESEE - REEROBRBONE

BHRIIBG» oM £ C, HIR Lod o2 - Sftricz 0sFB2HE T3 2 Lot
B ZOERER LT 22, BHED» S 3HRENA T3 (Maddrell, 1998) , RHific
Wk O HBRIREEZ A LCw 208, MhzEEoBE LT3 BRIZVER Y, HFEOS
COMEPITER LAETETH B0, T 270 ELTH Nat p3EailE o R ew, Ziuke b
23 COFHEBY TIENa 2 ICEHR I N, BBEIEXREM L L TNarX > 7 (Na+, K+
ATPase) »¥Ear#ERHCREA TR L3V X —HEREBLE LTHOTW 325 TH 2, +
FUDLRY TR L TR AEY, Thbbt Nat OBREI) ("sodium-motive force")
2135 2 ENTELRCHME - TR VLI L THEERORE N 2 EET 5D TH S )
2, BHRTIEBAHER (B - 5 a v o) (Fig. 1A, Band C) ®¥KIC» 3 KERR

Bl:XT75%E) okiic7sa by (HY) OBHEmEEE (7o kv gy 7, HHgk
R ATPase, V-ATPase) % Ef{i3 2 Z £ T, NatRET TOEERAEICLTWS,
Soi7m bR FICLk s U v OBEBBERENE AL TR 20T, pH 2L
HAWNDEERE R 5 V8 0 M OWEICEHBENICEL2 525 2 Ltk 2, 19904FER DI,
REH NI HEE S NI iT%00 &, V-ATPase DMl N TOBSULAMEMEZ TR L, =X
Wi A A > - WWEEE (solute transport) (6872 BKE) /) ("proton-motive force") # Al
HLTW5E I ERL LS DI > T &7 (Harvey and Wieczorek, 1997 ; Wieczorek
etal, 1999) , BETRAEMFUIAS FET 2 HEN L 70 by Ry 7L Ll 4 ok
ABICE T 5 BEEIFH I N, TH L T35 (Beyenbach and Wieczorek, 2006 ; 7
th, 2000 ; $&5, 2002) ,

IR E B EFET 5 V-ATPase (plasma membrane V-ATPase) lxflifastic H+ % ik
WL, BWEEZNLC pH AEEZBIRL, ZOER% C O/LEMEEEBEKRLTWS, It
K, V-ATPase FRHIMIOWIN TR S N DHRMIT (19814F) , %D lysosome [
m EMBAERD 7 e b v 7 (endomembrane V-ATPase) & # % 50T/

(Harvey and Nelson, 1992) , &HEEMW OBEMIN - BFERANGE L2l - BEDE ERZ %0, ¥
KOWAIEE ¥ 720 (Bufo marinus) DS FEZMEZ &, B RMKC IR S T84 2814
FHA% TR E B COREEM G T % (Brown and Breton, 1996 ; Wieczorek et

al., 1999) , 2% b, F-ATPase (ATP synthase), P-ATPase (Na+,K+-ATPase 7 &) 12X
— 2 J—






C% 3D ATPase & LTD V-ATPase O 55 7 LT > 7% (Harvey and Nelson,
1992 ; |/, 1995) , 7w bR 7 (V-ATPase) DR THML T3 2 &, WiBTRNR
7= & 91T "sodium-motive force” DAL VB NIZH 3 LI 2 LTh B, ErCHBEHE
PHROFR (PP E—F4) (Fig. 1D) &, MKEKICF PYTAL T2, B
BN D2 DRSS V-ATPase 12 X % "proton-motive force™ IC{k&E LT, RN HER
ot TafanE, HEHEPA A F v 20) OBMELZFTH LTV B L BREREMTHY, JE
TR U Y LR RMEO M TH B L \vwi Db (Wieczorek, 1992 ; Lepier et al., 1994 ;
H, 1995 ; Wieczorek et al., 2000) ., X&) icBHfifaic s v»Tid, FIFEE V-
ATPase DS BT LTE Y, B EEGNTIRBOLHES A 7 A4 N2 HRET 57
OO pH iRk (RERE) JfiicN % V-ATPase DGO I 2V 2 2 LT
% % (Harvey et al., 1998) ,

ERNKIBRRTOA 4 VIREOBINTEHRIEIE, BN BN (4
iiiktE ATPase) 12 &> THELE T %, MO NI T4 HIEE OBENRDEIE S 1
L, ZNHDRBE LTREENEL, Ky TEABORNEZEARTI Licks, DF
D, WHIREDOEVGHD SIROEHIAKD 7 0 —23%45 3, FIEREAKEFH OER R
TEML, ZOEHBELET 2L, RITH1I0~1005DOMETHELIND T L H119924
IR I N, 20034 D ) — X)L E (Peter Agre ##2) iz, 2t Water
Channel -7 2 7&K ) (aquaporin: AQP) - TH % (Agre, 2006) , KitEMERIZE -
TRHRHDOETHY, ErDETEZD6~THDAKTH B, KRNTIEA T Eic S F
Sy 7 BAKEEB T b NEGHBHER S T3 (4 KRifF, 2005) , AWF%EClE, AREE
MHERTH 244 2 ROEGHEREBIC 25 L E 2 515 V-ATPase £ AQP #H(h b
75,

3. BREHOTHrY

AL ADREE—DOBITLETEE, “RELOTE L2) 2E2BRTHB7 LW
A% (Fig. 1) , MARBRIIEEE 272 0IBY VR0 BEAR, DT 22 LB L -5
WT, ZITRERLRY VATBEEERTH>TWS, MBAERIE EEMEsEa T2 L) i —
LA TREIR E RO IRIRE T, foRBIEMicb Ao 2 NEICEOT 2 FER
(labial gland) ¢&% % (Julien et al., 2005) , Z DWSHAONEE (BHE) @Y v 28
VBRI ND, MARROMA L WAIE, B VR VETHE 7470 v, 74704y
ZHIOME LTOREERD S V80 H, Y IClT 2IFRSTLT, 24 aiEREIZ
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INETIMEY VAV HDBEBFREDTTEYYH 5 0 IdHY vV BORSFLERE
DTBHEE LToMHRE L L ToMENRTH -7 (Fedic et al., 2002) ,

HA 2 QHRABICEET A HF%E, BRI X 0T B IRREE O R Y B LA
HICB T 2 & ICHEDCT, D OHENZRZZ 2 LTI EFCRERINTETNS
UL, Ml4BR2E - o FEBP R G R» o AR E kD /2 L &, A4 a3 EDL I 2R
A=A L CTHEAEIIC, BERICHES VR0 BEREGRETHIET20TH 5 5 b, HRIR
DR E THRL KT, #ELICIIBENORSY V8 7 B (IRB) &7 vk LT
%, ZDTVREDOWIRIED, HAMICEBL TR LTY ML, MBicHEHS R,
AA AR ZEDLDTH S I, IHRAD I T4 2w J AR BIA F 3 v 7 L EBETE
DTXZ%Z LT3, fBRBD pH HfiRAsy (REE) #EOFEBAND 7 70 —F 1%
INETRFICRINTEL LWk oTz,

HARME cERI N, RBEANTWMINIZ 74 704 XY vy OBEBIX, HA4
APLEAZ O THARAZHGET 2 E T, BTS2 E%220~30%ICbET 2 E R
S v 7 EIEW GBOIRAE @ liquid silk) & LT, & b b FiERBEoEBENIc B WTE
RaBDEE SIS (Jin and Kaplan, 2003) , WRIEOYHEMTES 5, BRI HRBIA
F TR I N T O RBERICB O THADIETT 2 L vubhTw s (B - B,
1996) . L2 L, EDX) RAEBELAINERIETT 200D TIRHS TR,
e, 74704 VEREHW in vitto TOEBR»S, 74 704 VDXLV NVEEK
&, pHAKEWICEZ 5 2 LANEHI NTWw3 (Ayub et al., 1993) , 74 78024 vty
YD URTHELTOWHEZEZ S &, BIENOBRIRE® pH PKGZBWIER L )L
HERF T DM T 2 2 LT L -C, 20 &) BERE Y o8 7 BRI DO S BN TORE
L7 s il Ic 72 0, 2 S TOWRRMBO 7S NV—Y VR S RIICOETTT 2 b D &
ZzZonhs,

ZIT, 20X BERESY VR 7 EEE OB EE O HER 12 13K S - B
BIEHEIBRETH Y, BENOWIRIEO pH i b EHE IR SN T0u I8 0nihnio
EERH DD &, FBARROBELRICL 2 pH FHOMEL5ETF L7 (Chapterl) .
FRAR BRI i3 7" 0 b v % BEEhX § % V-ATPase 2SHREEERIC WIS nTwn 3
(Azuma and Ohta, 1998; Azuma et al., 2001) , IHIERICZH 2 BRTEEL,
ARBRFNEREE 2t (Fig. 1E) , Z OBENICRE S v o8 0 HaHARBBT 2 £ &4 3,
FIRE T WIREEDAE Y v 7/ 0 pH DFERE L V-ATPase D4R I 2T i, Wk EHR
(&) THEZY Y ORI OVTHFAA L (Chapterl) . X 61z, #B5%0RHK
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DR T O ML BEERE I D>V TiE, A4 2 AQP # 7 u—> 1t (Chapter2) L 7%#
2, Chapter3 2B\ TBEL -,

4. BROXKS - RBEERAMICEHOZI 77 7RI VAR IANIDSHBE- T
FEHUIREIC Lo THEBEPHRINER ERXEDOBRL 50T, B TY (HYWHK -

T - B E) 2351 R R EANRAT 2R A 4 > RBBEEOFNIL,
b« IR - BREIC B T 5 RRBOMBE E LTI950FER 2 5L I T &% (Maddrell,
20042HR) , BB LB T2 L v TV ARTFHL v TCHERBRITE LTS, @Rz
&, MEEMEHER O 7 i ERRME N L A E (Tluid secretion) 23EFTH %, K
HHOERETH 5 AQP DREBEIC DWW Ml AN BRICE W TR I NS L) ko
7DRFBEIVES S WD Z ETHBH (B, 2005) , AP CRERIRMIE DK FHEEE 2
KT 5I1CH 7> T, AQP BIZFOYRE L HE T Gl WilETH 5, B4 2 AQP
DB F7 0 —= v 7 LG RERNTORMRNREN L EETHRE% Chapter 2 TH Y B
%,

EBHETRIC AQP 23EEEFLE LT r7u—rpRon, 20Ktz a3 252
EZFEHL 2D, 79 R« LY X K¥D Hubert 52k 3443 a,4 (Cicadella
viridis) DEE Z V72199640 ) K — FTHo 7 (Le Caherec et al., 1996) , Zn =
a,34 (Fig. 2A) ¥ H (Hemiptera) £ WIHIBHROKEL N —TDIHYL, £IPw
A R THE#AEEH (Homoptera) ICBT 2, 443 a4 13HHDEK L LT
i3 % DIRIR TREMOE Y ORIEEER (2 k- 73 /BRI 2o vead) %
Yoot L, KETZNA NI THLPIHE ORI~ LIS EE (58 :
Filter Chamber) &4 % D2k TH 5 (Fig. 2B) , AMMHE T OBE I I ALE T 2
Filter Chamber W T Rl & BB RIHEE L liick>TR Y, KoK TH
LW E R (25 5 DHPERBRE %2> T\03) NHp->T, BBEEICL7EN>7
KOTNDEL 2, Z DR, WSk e LUEENEYBBEAME (midgut : &
Fo) ~BATL, BER7 I /7 BBERIEL CPINT 2 2 L BT EEIC 2 5,

A4 82,34 @ Filter Chamber (2%, MIP (Major Intrinsic Protein) 7 7 & U —i
JBY 2Bk DR WIES o8 2 B (25 kDa hydrophobic polypeptide) WKBICHHET 5 Z
ED3ydro i (Fig. 2C) . 22 TMIP 77 3 Y — i@ fF& /e NPA €5 —7 (Asn-
Pro-Ala) ®7 2 7 BRELTIfE®R% FI/H LT, Filter Chamber ® mRNA %>& MIP 7 7 3V —
WCHHIRMEDH 5 cDNA 237 u— &Nz, TD 7 a—rit % X225 kDa hydrophobic
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polypeptidel2#H24 L, & F® AQP 1% AQP4 (Fig. 19A) & 7 3 / BEHT43% D+ €
UY—%2HT5I VR EEZAa-F LTk, AR 1cmBEDOAL 4 3 a4 DENIZ, Z
DEEDOR I DBE (KEaidhhE) »3av 37 MicliE>Tw 5208, ZOFE O Filter
Chamber OFEB,TD &, AQP @ mRNA ¥ MR I i,

77 7 RY VOGFTREGE  FRMERD S KEICE S5 AQP 1 TE FHUR G
Frick b mdTHLMCEh, T ABETHs EEIONTVS, ZNUE, 6
ROPEEENY v 7 2P, BEFESZ N Loop B & Loop E iZfiiBT % NPA £F—7 %
ATl V—7 (2FB L 5HFH) PEOWH» S ADIAR, Z0oDMHEMIPEAD
TR Z R LT3 (Fig. 3A) ., AQP Ml Z A CAH LA oW ch b, Hid
Horned, b &) EBRFIOBIB TR B 206, 727 RV Y 74—V F ERENS
W% & 5 (Fig. 3B) (Hd, 2005) ., ZORIEBOILOE (3.0 A) kG Tofk (2.8
A) imEv e, KISHT AEOBEREZBELTVE, E5ICNPAEF—T7 D200
T 7 VHBKEBERIZIR T, KOADMEW, Z LT H OFF@E@EEZHREL TS

(Fig. 3C) , Chapter2iz8\wTi, Zo¥EMEcE  wirEny—-—ru—=vy
WEkoT, A4 ashEL) AQP SEw /% 25 (AQP-Boml & LU AQP-Bom2) % 7
a—1LL, EHICIN6DH A4 a AQP (Bommo AQP) 12D W THM RN LRE 2
L 7z, AQP-Boml 2SHAMCTHIL T3 L2 HERT 5 LA TEDT, Chapter
3 TR, HE, BAERMHET AQP ORIITURE MM - ML LV TREL, 24 a30%
ED BT 5 AQP DAEBNREIIC D W TELZL -,



Fig. 1. Lepidopteran larvae and its general anatomy. (A) Antheraea yamamai. (B) Bombyx
mori. (C) Samia cynthia ricini. (D) Upper panel; dissection of B. mori. Digestive tract and a
pair of silk glands occupied the haemocoel. Lower panel; Schematic diagram of arrangement
of alimentary canal (midgut) and excretory system (hindgut and Malpighian tubule) of the left
side of B. mori. (E) Growth of the silk gland during the final (fifth) instar stadium. V-3: Day 3
larvae, V-5: Day 5 larvae, Sp-1: Day 8 larvae at the spinning phase.



Fig. 2. Digestive tract of hemiptera. (A) Leafhopper, Bothrogonia japonica, related species of
Cicadella viridis, in Japan. (B) An arrangement of the gut. Anterior and posterior parts of the
gut (typically involving the midgut) are in close contact to allow concentrate of the liquid
food. This filter chamber allows excess water and relatively small molecules such as simple
sugars, to be passed quickly and directly from the anterior gut to the hindgut, thereby short-
circuiting the main absorptive portion of the midgut. (C) Western blotting of filter chamber.
Filter chambers from B. japonica were fractionated by SDS-PAGE and transferred onto
PVDF membrane. The blot was treated with anti-C. viridis aquaporin antibody. Positive

signal corresponding to a 25 kDa was reproducibly obtained.
(BixKlowden, M. J., Physiological Systems in Insects, Academic press, 2002, p. 2430 % ¥ & IZ{ER)
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Chapter 1
Acidification of the silk gland lumen in Bombyx mori

and Samia cynthia ricini and localization of H+-

translocating vacuolar-type ATPase

(BAREHROBEHRZBIEICHITARKBEDEMEL
— iR RIBoHD HETE LB AR IRMREDV-ATPase D 5 #i—)






Summary

The silk gland of Bombyx mori and Samia cynthia ricini produces vast amounts of silk
proteins and stores them in the glandular lumen as a liquid silk during the larval growth and
development. We have explored the system regulating pH in the silk gland, because the
gelation of fibroin is pH-dependent. By injecting the pH-sensitive dye (phenol red) into
silkworm larvae, we have estimated the pH in the glandular lumen. Although the entry of dye
was unsuccessful in the anterior silk gland (ASG) of Bombyzx, the lumen of the middle silk
gland (MSG: major reservoir for fibroin) and that of the posterior silk gland (PSG: the fibroin
factory) were colored with phenol red. The coloration by phenol red indicated that the MSG
was acidic (pH 5~6) in the vigorously feeding larvae leading to gelation of silk proteins at the
MSG and that the PSG was neutral (pH 7~8). When the larvae started spinning, the lumen in
the MSG became neutral. A similar pattern in the luminal pH shift was obtained in the silk
gland of Samia cynthia ricini (Eri-silkworm) with a dye-injection experiment. In Samia, the H+-
translocating vacuolar-type ATPase (V-ATPase) locates at the apical surface of PSG, where
the fibroin is produced, secreted and temporarily stored. The V-ATPase was also distributed
at the apical surface of the anterior MSG as well as that in ASG. These V-ATPases became
undetectable after the onset of spinning. The V-ATPase at the plasma membrane of silk
gland cells regulates the physico-chemical state of liquid silk in the glandular lumen, in

particular at the MSG of Bombyx and at the PSG of Samia, respectively.

Key words: liquid silk, acidification, H+-translocating vacuolar-type ATPase, silk gland,
Bombyx mori, Samia cynthia ricini






INTRODUCTION

The caterpillars are characterized by the gluttonous feeding at the final stadium of their
larval life, increasing their body weight and mass (Reynolds et al., 1985). At that growing
phase, the explosive development of the silk gland occurs in the cocoon-producing
lepidopteran insects such as a silkworm, Bombyx mori. The gland is a protein factory
specialized in fibroin production at the posterior silk gland (PSG), where the fibroin is
synthesized, secreted and temporarily stored in the glandular lumen as a liquid silk
(Prudhomme et al., 1985; Fedic et al., 2002; Julien et al., 2005). In particular, the middle silk
gland (MSG) in Bombyx mori greatly increases its tissue mass at the vigorously feeding phase
of the fifth instar larvae and functions as a huge reservoir for the liquid silk in addition to the
production of sericins. The anterior silk gland (ASG) is a conduit for the liquid silk from the
MSG to the spinneret at the mouthpart (Akai, 1998). It is believed that the liquid silk with
unusually high content of proteins (> 20%) has to be maintained within the glandular lumen
without any irreversible coagulation and/or denaturation before spinning and that it does not
flow easily out of the spinneret in vigorously feeding larvae due to the physico-chemical
nature of fibroin in vivo.

The pH and water homeostasis in the silk gland is crucial, since the sol-gel transition
point of fibroin solution lies at pH 5.0-5.5 in an in vitro study (Ayub ez al., 1993). The pH in
the haemolymph of Bombyx larvae is usually in between 6.5 and 7.0, suggesting that there
exists the active acidification mechanism in the silk gland as that in the lepidopteran midgut
alkalinization (Dow, 1992; Azuma et al., 1995). A vacuolar-type ATPase (V-ATPase) is an
ubiquitous H*-translocating ATPase typically residing in the plasma membrane of many insect
epithelia (Harvey et al., 1998; Wieczorek et al., 2000; Beyenbach and Wieczorek, 2006). The
diversity in cellular functions of the V-ATPase is attributed to its properties of generating both

electrochemical and pH gradients across the plasma membrane. It has been suggested that the






plasma membrane V-ATPase plays an important role in the luminal acidification of the silk
gland of Bombyx (Azuma and Ohta, 1998; Azuma et al., 2001). The pH gradients established
by the V-ATPase across the apical plasma membrane would contribute to the gelation of
fibroin in vivo, increasing the viscosity of the liquid silk and plugging it in the narrow canal
structure of ASG. Since this V-ATPase at ASG disappears in spinning larvae, we have
speculated that the pH shift is neutral in the lumen of ASG, causing the liquid silk to become
mobile and resulting in an easy flowage at the spinneret for making a cocoon (Azuma and
Ohta, 1998). In the MSG, the distribution of V-ATPase was rather limited along the length of
the silk gland, clearly lacking at the anterior division of MSG and mainly existing at the
posterior division of MSG. This V-ATPase at MSG seems to be important for the deposition
of liquid silk in the lumen (Azuma et al., 2001).

The present report aims to demonstrate the above speculation on the physiology of V-
ATPase in the silk gland more directly using the pH-sensitive dye, phenol red. Using not only
Bombyx larvae but also another silkworm, Samia cynthia ricini (Eri-silkworm), we have
observed the occurrence of acidification and neutralization in the silk gland as a whole during
its development. Additionally, we have explored the silk gland V-ATPase in Samia, which
distributed along the length of the gland at the feeding stage and disappeared at the spinning

phase.
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MATERIALS AND METHODS

Insects

Hybrid races (Shunrei x Shogetsu and Kinshu x Showa) of the silkworm, Bombyx mori,
were reared on fresh mulberry leaves or an artificial diet (Aseptic Sericulture System Lab.,
Kyoto, Japan) at 24-26 °C. The final (fifth) larval instar stadium of Bombyx continues 7 days
for feeding, followed by 3 days of spinning for cocoon production. Eri-silkworms (Samia
cynthia ricini) were reared on an artificial diet (Silkmate L4M, Nosan Corporation, Japan) at
26-28 °C. The final (fifth) larval instar stadium continues 6 days for feeding, followed by 2
days of spinning. For the immunocytochemistry of both species, larvae were studied at the
active feeding phase (Bombyx: 5-day-old fifth instar larvae, Samia: 3- or 4-day-old fifth instar
larvae) and at the spinning stage (1 day after the onset of spinning). At this developmental
point, in Bombyx, just after the gut purge, we could observe the spinning behavior through a

thin cocoon layer, while the spinning larva of Samia could not be seen inside a cocoon layer.

Injection of pH-sensitive dye into the living larvae

Silkworms of both sexes at the several stages of development in fifth instar larvae were
anesthetized on ice for 10 min, then 5 mM phenol red in 5 mM Mops (3-morpholinopropane
sulfonic acid)-Tris buffer (pH 7.0) was injected into the haemocoel at various stages during
the larval development. The volumes of injection (50-200 ul) depends on the body size of
larvae. The fully matured larvae of Samia accepted with 300 pl injection. Maximun staining
in the gland by the dye was normally obtained when the larvae were sacrificed at 2-3 h after
the dye-injection. Checking a normal feeding or spinning behavior of each larva, a pair of silk
glands was dissected from the dye-injected larvae carefully, rinsed quickly with the
phosphate-buffered saline (PBS; 150 mM NaCl, 10 mM sodium phosphate buffer, pH 7.4),
and photographed as soon as possible. The accumulated dye in the lumen of the silk gland
was diffused and disappeared in the PBS in most cases within 3 h.

Comparing with the pH standards prepared with 0.1 M Mops-Tris (pH 6.0-8.5) and 0.1
M Mes (2-morpholinoethane sulfonic acid, monohydrate)-Tris (pH 4.0-6.0), we obtained an
approximation of the pH inside the silk gland. Under these buffers, phenol red was yellow
below pH 6, upon neutralization, gradually changed to a variable yellow/orange color in
between and then red above pH ~ 7.5 (Fig. 4B). For example, when we measured by the pH
meter, the pH value of haemolymph from dye-injected larvae corresponded well with the

titration shown in Figure 4B (pH ~ 6.7). The dye was also accumulated in the midgut lumen






(pH > 8.2, out of range for phenol red), indicating the higher alkalinity in the midgut (Dow,
1992; also see Fig. 5B in the RESULT). Thus, we considered that the visual transition
interval of phenol red was not influenced in living tissues and that an approximation of the pH
was reliable. Since the liquid silk was quite sticky on the surface of the pH electrode, the
precise handling of the pH meter was impossible.

Injection of the dye did not cause any artificial effects in both silkworms. The dye-
injected larvae produced the yellow cocoons with a normal shape (data not shown),

suggesting that phenol red is permeable into the lumen of the silk gland of both species.

Immunocytochemistry of V-ATPase

The silk gland used for immunocytochemistry were dissected and fixed for 5-6 h in
Bouin's fixative as described previously (Azuma and Ohta, 1998; Azuma et al., 2001). The
specimens studied were referred to as depicted in the respective figures of the text. The tissue
was then dehydrated through a graded ethanol series, cleared and embedded in paraffin
(HISTOSEC®, Histologie, MERCK, Darmstadt, Germany). Sections (~5 pm) were placed on
clean glass slides coated with 3-aminopropyltriethoxysilane and allowed to dry at 40 °C
overnight. Sections were then deparaffinized in xylene and rehydrated through an ethanol
series into PBS. Sections were incubated at room temperature in 10% normal goat serum in
PBS for 2-3 h and then with a primary antibody at 4 °C overnight. Rabbit antiserum against
the V-ATPase holoenzyme from Manduca sexta midgut (Wieczorek et al., 1991) was used for
all immunological experiments (usually 1:10,000 dilution). After four rinses (10 min each) in
PBS, sections were incubated with a goat anti-rabbit biotin-conjugated antibody (Vector
Laboratories, Inc., Burlingame, CA, USA) at room temperature for 2-3 h, rinsed four times in
PBS and incubated with an avidin-biotinylated peroxidase complex (ABC) reagent (Vector
Laboratories, Inc.). Sections were rinsed four times in PBS and incubated with 3,3'-
diaminobenzidine (DAB) /H,O; until sufficient color development was attained (usually 5-10
min at réom temperature). Control incubations were also done on adjacent tissue sections and
included substituting a non-immune rabbit serum (1:2,000 dilution) for the primary antibody.

In Samia, using the membrane fraction from PSG extracts as well as the MSG extracts
on the western blotting test as an antigen, the specificity of V-ATPase antiserum failed to
check due to the presence of liquid silk. The membranes from ASG showed the similar pattern

to Bombyx ASG (data not shown).






RESULTS

Direct observation of the luminal acidification in the silk gland of Bombyx mori
with phenol red

Among the several pH-sensitive dyes tested, the significant and reliable intensity of
staining in a pair of the silk glands was obtained by injecting phenol red (visual transition
interval : pH 6-8) to the 5th instar feeding larvae of Bombyx. The hybrid strain used in this
experiment has an usual whitish color in the gland. The epithelia of the silk gland did not
stained but the liquid silk itself as a gel-like state was colored with this dye, suggesting that
the dye penetrated into the glandular lumen. The silk gland from active feeding larvae (5-day-
old fifth instar) exhibited yellow staining at the middle and posterior division of MSG (Fig.
4A). The most posterior region of MSG showed a gradient of increasing orange staining, then
became rose in the PSG. As judged from the pH standards of phenol red (Fig. 4B), the lumen
in the MSG was acidic (pH 5-6). The glandular lumen rose above the pH ~ 7 transition point
of this dye at the junction between MSG and PSG. Then, it was shifted to rather neutral (pH >
7) in the lumen of PSG. The injection of bromphenol blue (visual transition interval : pH
3.5-4.5) made the MSG and PSG deep blue color indicating a pH > 4.5 (data not shown).

At the onset of spinning, the middle division of MSG became slightly orange indicating
the luminal neutralization to pH > 6 (Fig. 4C). Thereafter, the posterior division of MSG
gradually increased the reddish zone proximally towards the middle MSG (Fig. 4D, 4E),
indicating that the lumen rose above the pH ~ 7 during the most active spinning period. When
the larvae almost finished spinning (3 days after the onset of spinning), the middle MSG
exhibited crimson staining in the lumen. The PSG did not accept the dye at this stage (Fig.
4F). There were no considerable changes in staining at the PSG until the spinning was
completed. Also, phenol red did not provide any visible coloration in the ASG and the anterior

division of MSG.






Direct observation of the luminal acidification in the silk gland of Samia cynthia
ricini with phenol red

We applied the dye-injection experiment to another silkworm, Samia cynthia ricini. The
general anatomy of the silk gland in Samia is characterized by zigzag-shaped MSG and PSG
with a long fine duct of ASG (Fig. SA). Not only MSG but PSG of Samia became yellow
when the phenol red was injected to a feeding larva (3-day-old fifth instar) indicating the
lumen of both parts of the gland at pH 5-6 (Fig. 5B). The most anterior part of the midgut was
stained by the dye, showing pH > 8 (out of range of phenol red) due to the alkalinity of gut
lumen (Dow, 1992). In a spinning larva (7-day-old fifth instar), the MSG and PSG became red
or crimson with the dye-injection. The color intensity was more prominent than that in
Bombyx, indicating pH ~ 8 at the Samia PSG (Fig. 5C). When we injected phenol red at the
first day of fifth instar larva, the lumen of Samia ASG showed yellowish color, indicating the
lumen at pH 5-6 (Fig. 5D). This was exceptionally common at this stage of Samia. The fifth
instar larvae of older stages did not show a considerable staining at the lumen of ASG (data
not shown). The observation in MSG and PSG of Samia exhibited the similar staining pattern
to that in Bombyx (Fig. 4) during the gland development. The acidification seems to have
occurred at the glandular lumen where the liquid silk is stored during the feeding phase,
although the majority of liquid silk accumulates at the different region of the gland in each

silkworm (Akai, 1998), that is, at the MSG in Bombyx and at the PSG in Samia, respectively.

Immunocytochemistry of V-ATPase along the length of the silk gland of Samia
cynthia ricini

The dye-injection studies described above strongly suggests the presence of the plasma
membrane V-ATPase which pumps the proton to the glandular lumen for acidification as
suggested in Bombyx silk gland (Azuma and Ohta, 1998; Azuma et al., 2001). By using the






Manduca sexta V-ATPase antibody, we surveyed the distribution of V-ATPase in the Samia
silk gland. In Samia, observing histologically, the liquid silk (almost fibroin) is temporarily
stored in the lumen of PSG (Akai, 1998), where the fibroin is produced. The significant
staining of V-ATPase was detected at the apical surface of the PSG cell (Fig. 6A). The control
showed no significant staining at the apical surface (Fig. 6B). This was different from the
Bombyx PSG, which showed no V-ATPase immunostaining (Azuma et al., 2001). Further, the
apical immunolabelling disappeared from the PSG cell of the spinning larvae (Fig. 6C). This
explains that the PSG cell ceased to acidify the lumen after the onset of spinning. The apical
distribution of V-ATPase in a feeding larva became undetectable at PSG-MSG junction (Fig.
6D). The weak but significant immunoreaction in the cytoplasmic space in PSG (Fig. 6A, 6C)
may be due to the presence of the endomembrane type of V-ATPase such as secretory vesicles
or central vacuolar systems (Futai ez al., 1998; 2000).

We checked the V-ATPase distribution in other parts of Samia silk gland. The posterior
region of MSG showed no considerable staining (Fig. 7A), confirming the
immunocytochemistry shown in Figure 6D. Although the tissue mass of MSG is
homogeneous throughout the MSG (see Fig. 5A), the specific immunolabelling reappeared at
the apical surface of the anterior region of MSG (Fig. 7B, 7C). This is a great difference from
the anterior division of Bombyx MSG where the V-ATPase is absent (Azuma and Ohta, 1998;
Azuma et al.,, 2001). Since the Samia MSG is not the main reservoir site for fibroin
deposition, a part of MSG near ASG may have a similar function to the Bombyx ASG. The
Samia ASG also showed the apical immunolabelling for V-ATPase (Fig. 7D). At the spinning
stage of the gland, the positive immunolabelling at the apical surface disappeared from the
anterior MSG and ASG (Fig. 7E, 7F). The cytoplasmic region of ASG was stained
significantly (Fig. 7F). This may be due to the occurrence of the endomembrane-type V-

ATPase such as autophagic vacuoles. Metamorphic changes in V-ATPase at the ASG and the






anterior MSG of Samia showed a similar pattern to those in Bombyx ASG (Azuma and Ohta,
1998).

We failed to detect the clear disappearance of V-ATPase in the posterior division of
Bombyx MSG. The apical immunoreaction actually became weak but the precise detection
was technically difficult, because the MSG cell in thickness became thinner, sections were
always cracked at the apical regions, and the cytoplasmic area increased the immunostaining
of the endomembrane-type V-ATPase. It was microscopically difficult to discriminate the

positive signal at the apical surface from that at the cytoplasm (data not shown).



Fig. 4. The pH changes in the silk gland of Bombyx mori with phenol red during
metamorphosis. The silk gland of the fifth instar larvae is characterized by the thick S-shaped
MSG and the convoluted PSG. Phenol red as a pH-sensitive dye was injected into the fifth
instar larvae at various physiological stages. (A) 5-day-old fifth instar larvae (vigorously
feeding phase). The most posterior division of MSG shows a variable yellow/red color. (B)
pH standards obtained with 5 mM phenol red. The number indicates the pH value of each
solution prepared by 0.1 M Mops-Tris or 0.1 M Mes-Tris buffer system. (C) The silk gland at
the onset of spinning. The neutralization (pH > 6) starts in the MSG. (D) 1 day after the onset
of spinning (after the gut purge). (E) 2 days after the onset of spinning. (F) 3 days after the
onset of spinning. Note that the dye did not penetrate into the PSG at this stage. The ASG and
the anterior division of MSG showed no coloration with the dye in all developmental stages

examined.






Fig. 5. The pH estimation in the silk gland of Samia cynthia ricini with phenol red. (A) The
anatomy of the gland from the 4-day-old fifth instar feeding larva. The most distal region of
PSG at the terminus is omitted. The white arrowheads show the ASG-MSG junction and
MSG-PSG junction, respectively. The dye-injected larvae were dissected and immediately
photographed. (B) 3-day-old fifth instar larva (vigorously feeding phase). A part of midgut
(most anterior region) was colored with crimson due to the alkalinity of gut lumen. (C) 7-day-
old fifth instar larva (spinning phase). (D) ASG from the first day of fifth instar larva. The
black arrowhead shows the ASG-MSG junction.









Fig. 6. Immunocytochemistry of V-ATPase at the Samia PSG. (A) Cross section of PSG at the
thickest region from the 4-day-old fifth instar feeding larva treated with the Manduca V-
ATPase antiserum. The specific immunoreaction is marked by arrowheads. (B) Cross section
of the same tissue sections as (A) treated with normal rabbit serum as a control. (C) Cross
section of PSG at the thickest region from a spinning larva (one day after the onset of
spinning) treated with the Manduca V-ATPase antiserum. (D) Longitudinal section at the
boundary between PSG and MSG from 4-day-old fifth instar feeding larva treated with the
Manduca V-ATPase antiserum. The MSG-PSG junction is shown by the arrow. Note that the
specific immunoreactions (arrowheads) are limited at the apical surface of PSG cells. The
secreted fibroin (f) are seen in all sections, and there are numerous void structures in the

lumen (Lu). All sections were counterstained with the hematoxylin. Scale bar, 100 pm.
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Fig. 7. Immunocytochemistry of V-ATPase at the Samia MSG and ASG. (A) Cross section of
the posterior MSG from 4-day-old fifth instar feeding larva. There is no considerable
immunoreaction. (B) Cross section of the anterior MSG from 4-day-old fifth instar feeding
larva. (C) Cross section of the anterior MSG close to the ASG from 4-day-old fifth instar
feeding larva. (D) Longitudinal section at the boundary between MSG and ASG. The MSG-
ASG junction is shown by the arrow. The immunoreaction at the apical surface facing to the
lumen (Lu) is faint at the MSG region. (E) Cross section of the anterior MSG from a spinning
larva (one day after the onset of spinning). (F) Cross section of the ASG from a spinning larva
(one day after the onset of spinning). All sections were treated with the Manduca V-ATPase
antiserum, and counterstained with the hematoxylin. f: secreted fibroin in the lumen (Lu).

Scale bar, 100 pm.
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DISCUSSION

Fibroin is the major constituent of the liquid silk (Akai, 1984; 1998, Fedic et al., 2002).
During the period of fibroin production in Bombyx and Samia, the feeding larvae do not spin a
cocoon but accumulate silk proteins in the glandular lumen as a liquid silk until the onset of
spinning. Since the regulation of pH must be critical for the reversible sol-gel transformation
of the liquid silk in the lumen, we have examined the pH nature and the presence of V-ATPase
in the silk gland. Using the pH-sensitive dye, phenol red, we were able to obtain an
approximation of the luminal pH of the silk gland in vivo. We have demonstrated the
acidification of liquid silk in feeding larvae, the neutralization of it in spinning larvae, and the
existence of V-ATPase for contributing to pH control in the silk gland.

The use of pH-sensitive dyes has made it possible to assess the pH profile in the midgut
lumen of Dipteran insects (Dubreuil et al., 1998; Corena et al., 2005). The phenol red is
impermeable to the midgut epithelia by feeding experiments of dyes in these studies. By
injecting the phenol red to silkworm larvae, we have found that this dye is permeable through
the silk gland epithelia. The phenol red is an anionic dye of sulfonates, which might be
transported via a sulfonate transporter (Quinlan and O'Donnell, 1998) or nowadays called as
an organic anion transporting polypeptide (oatp, Torrie et al., 2004) if it exists in the silk
gland. The lack of coloration with phenol red might explain the absence of this transporter in
a certain part of the silk gland, e.g. the ASG and the anterior MSG of Bombyx. The
accumulation of vast amounts of silk proteins occurs in the MSG lumen (Bombyx) or in the
PSG lumen (Samia), where we have shown the acidification of the liquid silk at pH 5-6 (Figs.
1 and 2). The significant staining of MSG and PSG in both silkworms by phenol red must be
due to the mechanism on such an organic anion transporter at the basal and/or apical plasma

membrane of silk gland cells, though the precise mechanism of dye entry remains unknown.






The extent of acidification by V-ATPase is normally at pH value around 4 ~ 7
depending on the tissue physiology of living organisms (Harvey and Wieczorek, 1997,
Harvey et al., 1998; Wieczorek et al., 1999). The plasma membrane V-ATPase in the posterior
MSG of Bombyx (Azuma et al., 2001) explains the weak acidic pH nature in the MSG (Fig.
1). These data obtained from Bombyx prompted us to explore the V-ATPase in another
silkworm, Samia. The anatomy of Samia silk gland is characterized by the zigzag-shaped
MSG and PSG, and the PSG of this group (wild silkmoths) increases its tissue mass for the
deposition of fibroin (Akai, 1998), which is functionally similar to the Bombyx MSG. Such a
histological feature in between Samia and Bombyx may reflect upon some differences of the
V-ATPase distribution (Figs. 3 and 4). The V-ATPase immunoreaction at the PSG-MSG
junction (Fig. 3D) was totally opposite to that at PSG-MSG junction of Bombyx (Fig. 2F in
Azuma et al., 2001). The anterior MSG of Samia showed the immunoreaction of V-ATPase,
but that of Bombyx was absent (Azuma and Ohta, 1998). Regarding the apical V-ATPase at
ASG, both silkworms showed the similar patterns. Taken together, the luminal acidification
by the plasma membrane V-ATPase seems to be necessary for the accumulation of the liquid
silk during the feeding period of silkworm larvae. At the spinning phase, the disappearance of
the plasma membrane V-ATPase (Figs. 3 and 4) corresponded well with the pH inside the silk
gland (Fig. 2). Since the spinning was completed within 2 days in Samia, rather shorter than
Bombyx, the pH milieu would have to be shifted more quickly by switching off the V-ATPase
function.

The acidification and alkalinization in a certain compartment of living organisms is a
key factor for regulating the protein function in the tissue specific physiology (Wieczorek et
al., 1999). The V-ATPase is conceived to be the sole energizer in the silk gland like the
midgut because the lepidopteran insect is a typical living system of the "non-sodium world"

where the cell has to require the H*-motive force instead of Na+-motive force for the plasma



membrane energization (Harvey and Wieczorek, 1997). Consequently, it is concluded that the
silk gland V-ATPase contributes to pH homeostasis in maintaining the liquid silk under the
weak acid milieu at the lumen, leading to the reversible sol-gel transformation of the liquid
silk, because the gelation of fibroin (Ayub et al., 1993) and sericin (Zhu et al., 1995) solution
in vitro are pH-dependent. Not only the pH shift in this study, but also the water withdrawal
and other modifications must be indispensable for the conversion of liquid silk into solid

fiber. Water as well as pH regulation in the silk gland awaits further investigation.



Chapter 2

Molecular cloning, tissue and cellular
characterization of two isoforms of aquaporin in
silkworms, differently expressed in the hindgut and

midgut of Bombyx mori
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Summary

Two different cDNAs encoding a homologue of aquaporin (AQP) were identified by a
reverse transcription-polymerase chain reaction from the silkworm larva, Bombyx mori. The
deduced amino acid sequence shares 40-60% homology with other insect AQP homologues.
The first cDNA (AQP-Bom1) cloned from the anterior silk gland encodes a 25 900 Da protein
homologous to insect AQPs isolated from the liquid-feeding insect of Aedes aegypti,
Anophelles gambiae, Cicadella viridis and Haematobia irritans exigua and from Drosophila
melanogaster (DRIP). The second cDNA (AQP-Bom?2) cloned from the posterior midgut
encodes a 27 963 Da protein similar to putative AQPs identified in genome sequences of
some insects such as a Drosophila melanogaster (GH16993 or Aqp17664). Northern blot
analysis has revealed that the AQP-Bom1 mRNA (2.3 kb) is expressed predominantly in the
hindgut (colon and rectum); moderate or lower expression in the silk gland, midgut and
Malpighian tubules, while the AQP-Bom2 mRNA (1.3 kb) is mainly expressed in the posterior
midgut and Malpighian tubules; lower expression in the hindgut. /n situ hybridization studies
confirmed the AQP-Bom1 mRNA expression, but no detectable AQP-Bom2 mRNA
expression at the cryptonephric Malpighian tubules as well as the colonic and rectal epithelia.
Immunocytochemistry using an antibody raised against a partial peptide of AQP-Bom1
protein could detect the positive reaction at the apical surface of the colonic and rectal
epithelial cells. These results indicate that the AQP-Bomt mRNA encodes an aquaporin
working actively for the water-recycling machinery in the hindgut of lepidopteran larvae (solid/

plant feeder), excreting even dried faeces during a gluttonous feeding phase.

Key words: aquaporin, cryptonephric complex, silk gland, water retrieval, Bombyx mori



INTRODUCTION

Water conservation in insects is critical because of their large surface area relative to
volume and the generally arid environment where they survive. Insects employ a variety of
structural and physiological adaptations to keep their water loss minimum. For phytophagous
caterpillars, which are often gluttonous habitants in an agricultural field, the gain and loss of
body fluids and the water balance has to be strictly controlled throughout their growth and
development (Reynolds et al., 1985; Reynolds and Bellward, 1989). The economy of internal
water in tissues is directly mediated by the quality of food conditions via the alimentary canal
as well as the circulating haemolymph, where tissues were dipped directly (Klowden, 2002).

The molecular aspects of water regulation in living organisms has been greatly
progressed in recent years (Agre et al., 1998; Borgnia et al., 1999; Agre, 2006). Aquaporins
(AQPs) function as water channels that allow rapid osmotic water flow across the cell
membranes. Currently thirteen AQP isoforms have been identified in mammals, and are
expressed in many fluid-transporting epithelia. Despite extensive physiological evidence on
insect osmoregulation (Harvey et al., 1998), studies on water transport itself in insect epithelia
has been paid little attention for long years. Molecular mechanisms on water permeability in
insects has been investigated from a plant sap sucking insect (Le Caherec et al., 1996),
followed by the studies in blood sucking insects (Elvin et al., 1999; Pietrantonio et al., 2000;
Echevarria et al., 2001). AQPs in these liquid feeder are responsible for osmoregulation in
diuresis and excretion after the intermittent or periodical feeding. For the phytophagous
caterpillar (solid/plant feeder), it seems to be important how the gluttonous larvae conserve
water from plant, producing very dry faeces. Little is known about the molecular and cellular
mechanisms of the possible AQP(s) in fluid-transpoting epithelia of lepidopteran insects,
although Reynolds er al. (1985) speculated that water is resorbed in the hindgut and recycled

via the haemolymph to the contents of the midgut.



Regarding the economy of body water in the silkworm, Bombyx mori, we cannot ignore
the existence of the silk gland, because the tissue mass of the gland enormously increases at
the vigorous feeding phase of the final (fifth) instar stadium, reaching to approximately 40%
of the body weight (usually 5-6 g in a fully matured larva) at the onset of spinning (Kajiura
and Yamashita, 1989). The gland stores vast amount of silk proteins in the glandular lumen as
‘liquid silk’, a solution containing up to 30% (wt/vol.) protein solution (Akai, 1998; Jin and
Kaplan, 2003). The water balance and osmoregulation in this gland must be critical to
maintain the liquid silk in vivo without fear of irreversible coagulation or denaturation until
the completion of spinning. We have identified a proton-translocating vacuolar-type ATPase
(H* V-ATPase or V-ATPase) in the silk gland (Azuma and Ohta, 1998; Azuma et al., 2001;
also see Chapter 1). This V-ATPase is responsible for the luminal acidification during the
accumulation of silk proteins in this gland.

The electrochemical and pH gradients established by V-ATPase usually evoke several
secondary active processes such transporters and channels (Harvey and Wieczorek, 1997,
Beyenbach and Wieczorek, 2006). Silkworm larvae at the gluttonous feeding phase must
carry out the active osmoregulatory work in such a high energy-requiring tissue as the silk
gland and midgut. Therefore, it would be worthwhile to investigate some functional AQPs
which are abundantly expressed and involved in the epithelial physiology of silkworms. In the
present study, first we identify two putative AQPs of Bombyx mori (Bommo AQPs) from the
silk gland and midgut by PCR-based cloning. Here, we name two Bommo AQPs as AQP-
Boml and AQP-Bom2, which are closely related to the mammalian AQP4. Second, we
demonstrate the different tissue distribution of mRNA expression, and the cellular expression
in situ of them. One major isoform (AQP-Boml), which is higher homology to other insect

AQPs, is predominantly expressed in the hindgut not so highly at the silk gland. The other



isoform (AQP-Bom?2), which has lower homology to AQP-Boml as well as other insect

AQPs, is found in the midgut and Malpighian tubules.

MATERIALS AND METHODS

Insects and tissues

Hybrid races (Shunrei X Shougetu and Kinshu X Showa) of the silkworm, Bombyx mori,
Linnaeus were reared on fresh mulberry leaves or an artificial diet at 24-26 °C. The final
(fifth) larval instar stadium lasts 10 days: 7 days for feeding, followed by 3 days for spinning
to build a cocoon. The larvae were studied at 4- or 5-day-old fifth-instar larvae (gluttonous
feeding phase) in all experiments.

Larval tissues (silk gland, midgut, hindgut, Malpighian tubules, trachea) were collected
and rinsed with diethylpyrocarbonate (DEPC)-treated phosphate buffered saline (Dulbecco's
PBS without CaCl, and MgClz). The midgut was divided into three parts (anterior, middle and
posterior) at the position of abdominal spiracles (Azuma et al., 1991). The hindgut was
divided into colon and rectum. The ileum in B. mori, which differs from that of M. sexta, is a
Jjunction between midgut and hindgut with one-way valve not to flow the gut contents
backwardly. Collected tissues (0.1-0.2g) were weighed, immediately frozen with liquid

nitrogen and then were stored at -80 °C until utilized for RNA extraction.

Design of primers and PCR Cloning of the full-length cDNA

Based on the highly conserved amino acid sequence around the first NPA motif and the
sixth transmembrane region after the second NPA motif in cloned insect aquaporins, we
designed a pair of degenerate primers (sense: 5'-TG(C/T) CAC AT(C/G/T) AA(C/T) CC(C/T)
GC(C/T) GT-3', and antisense: 5'-AC (A/G)AT (A/G)GG (A/G/T)CC (A/G)AC CCA G(A/T)
A (A/G)A(C/T) CCA-3"), which was optimized for the codon preference in B. mori proteins
(Frohlich and Wells, 1994).

Poly(A) RNA was prepared from several tissues of B. mori larvae using the QuickPrep
Micro® mRNA Purification Kit (Amersham Biosciences, Buckinghamshire, UK). cDNA (~2
ug) was reverse transcribed from the mRNA with the oligo(dT) 12-18 primer (AMV Reverse
Transcriptase First-strand cDNA Synthesis Kit, LIFE SCIENCES, Inc., Florida, USA). Using
the degenerate primers, PCR amplification was performed by a hot-start technique with an

initial 10 min incubation at 95 °C, followed by 40 cycles of 94 °C for 30 sec, 55 °C for 30 sec



and 72 °C for 30 sec, with a final incubation of 72 °C for 10 min. The resulting 440 bp product
was purified from agarose gel using the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany), and was ligated into pPGEM®-T Easy Vector (Promega, Madison, WI, USA) as
described by the manufacturer. The plasmid DNA was purified, and both strands of the DNA
were sequenced using a BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA).

According to the partial-length cDNA information on a possible candidate of Bombyx
mori aquaporin (Bommo AQP), the 5'- and 3'-RACE (Rapid Amplification of cDNA Ends)
DNA fragments were produced from the anterior silk gland mRNA, the rectum mRNA and
the posterior midgut mRNA using the SMART™ RACE cDNA Amplification Kit (BD
Biosciences Clontech, Mountain View, CA, USA). Longest open reading frames
corresponding to each candidate were obtained by joining the three overlapping PCR-derived
fragments. To obtain the full sequence, appropriate primers were synthesized to allow
determination of sequences from both strands. Finally, the nucleotide sequence of the open
reading frame was further confirmed by checking the nucleotide sequence of a PCR product
amplified with first strand cDNA from the anterior silk gland for AQP-Bom1 and that from
the posterior midgut for AQP-Bom2 using the gene-specific primers, respectively (see Fig. 2).

Kyte-Doolittle hydropathy profile of the deduced amino acid sequence was analyzed
using GENETY X-MAC version 13.0 (Genetyx Corporation, Tokyo, Japan) at a 10-residue
window. The amino acid identities between Bommo AQP and other AQPs were analyzed by

the BLAST search.

MmRNA expression studies

All reactions were prepared with ribonuclease (RNase) free-reagents and all procedures
described below were carried out under the RNase-free conditions at room temperature as
long as not specified in the text.

We carried out the hybridization with the single-stranded RNA (ssRNA) probe in order
to increase the sensitivity and specificity as much as possible. The open reading frame of each
Bommo AQP was subcloned into pPGEM®-T Easy Vector (Promega, Madison, USA), which
was linearized by an appropriate restriction enzyme. A digoxigenin (DIG)-labeled ssRNA
probe was synthesized by in vitro transcription using a DIG RNA Labeling Kit (Roche
Diagnostics, Mannheim, Germany), T7 or SP6 RNA polymerase and the linearized plasmid as

a template DNA. For in situ hybridization, the positive signal probe (antisense strand) and the



negative control probe (sense strand) were synthesized by T7 and SP6 RNA polymerases, thus
the probe length of each strand was in a range of 850-950 bp including the multiple cloning
site of pGEM®-T easy. The DIG-labeled probes were cleaned up with the RNeasy® Mini Kit
(Qiagen, Hilden, Germany). A dot-blot was performed according to the manufacture's
instructions to quantify the concentration of the probes.

For northern blotting and analysis, total RNA from several tissues was first extracted by
the guanidium-phenol-chloroform extraction method (Chomczynski and Sacchi, 1987)
followed by the further purification of poly(A) RNA with the QuickPrep Micro® mRNA
Purification Kit (Amersham Biosciences, Buckinghamshire, UK). Aliquots of 1 ug were
loaded onto a 1.2 % agarose/formaldehyde gel and blotted onto a Nylon Membrane
(positively charged, Roche Diagnostics) according to the manufacturer's instructions. After
UV crosslinking, the poly(A) RNA was hybridized with a DIG-labeled ssRNA probe (25-50
ng/ml) overnight at 68 °C in 50% formamide, 5x SSC buffer, 0.02% SDS, 0.1% N-
lauroylsarcosine and 2% (w/v) blocking reagent (Roche Diagnostics). Stringency washing
was performed at 68 °C in low salt buffer (0.1x SSC, 0.1% SDS), which ruled out the probe
cross-hybridization between the AQP-Bom1 and Bom2 when we compared the intensity of
gene expression in the same tissue analyzed. The detection of hybridized probe was
performed according to the Roche DIG protocol using alkaline phosphatase-conjugated anti-
DIG antibody with the NBT (nitro blue tetrazolium) and BCIP (5-bromo-4-chloro-3-indolyl
phosphate) colorimetrically. The specimens were kept in a dark at room temperature for 6-12
h depending on the color development.

In situ hybridization was performed following established procedures (Xu and
Wilkinson, 1998) and the manufacturer's recommendations in order to optimize the conditions
for a better signal with good histological resolutions. The colons and rectums from 4-day-old
fifth-instar larvae were fixed by 4% paraformaldehyde (PFA) dissolved in DEPC-treated PBS
(4% PFA/PBS, pH 7.4) for 5-6 hours at 4 °C. After fixation, tissue pieces were dehydrated
through a graded series of methanols and embedded in a Paraplast embedding medium
(Paraplast-Regular, Sigma, St. Louis, Missouri, CA, USA). Serial sections of approximately 5
pm thick were mounted on the fresh slides and dried overnight at 40 °C similar way for the
immunocytochemistry (Azuma and Ohta, 1998). Prior to hybridization, the sections were
dewaxed, rehydrated, equilibrated with PBS-DEPC, and then treated with Proteinase K (16
ug/ml, Roche Diagnostics) for 10 or 20 min at 37 °C. Longer treatment tends to decrease the

positive signals. After fixing the preoteinase K-treated sections with 4% PFA/PBS for 30 min



at room temperature, the sections were dehydrated through a graded series of methanols. The
hybridization mixture (50% formamide, 5x SSC, 1% SDS, 200 pg/ml tRNA, 50 pg/ml
heparin) including the DIG-labeled RNA probe (100~200 ng/ml) was placed directly on the
dehydrated sections and overlaid with a fresh coverslip. Hybridization was continued in a
humidified box overnight (usually 14~18 h) at 55 °C. To remove the excessive probes, the
specimens were successively washed with 2x SSC containing 25% formamide, 2x SSC and
0.2x SSC at 55 °C, then finally with 100 mM maleic acid buffer containing 150 mM NaCl and
0.1% Tween 20 at room temperature. The detection of hybridized probe was performed
according to the Roche DIG protocol using alkaline phosphatase-conjugated anti-DIG
antibody with the NBT/BCIP colorimetrically as the similar way to northern hybridization.
The hindgut sections normally showed the clear specific signals up to 6 h. The color
development in the midgut sections needed overnight (~12 h) in a dark. Stained sections were
rinsed in PBS, fixed for 60 min in 4% PFA/PBS, and then mounted in Entellan® neu (Merck,
Darmstadt, Germany). The sections were observed under a microscope (Olympus BX51)
equipped with a differential interference contrast device (Olympus Corporation., Tokyo,

Japan).

Immunocytochemistry

A polyclonal antibody was raised in a rabbit against a synthetic peptide corresponding
to part of most hydrophilic loop D region, namely amino acid residues 165-179
(C165DPQRNDLKGSAPLA179) in the AQP-Boml1 (see Fig. 10A). The antigen peptide was
conjugated via bovine serum albumin (BSA, Minimum 98%, Sigma, St. Louis, CA, USA) as
a carrier, and was then injected into rabbits (Operon Biotechnology, Ltd., Tokyo, Japan). The
obtained antiserum for the AQP-Bom1 was further purified by passing through the column of
IgG Purification Kit-A (Dojindo Laboratories, Kumamoto, Japan). The obtained IgG fractions
were diluted with 1: 1,000 by 1% BSA in PBS. Tissues used for immunocytochemistry were
dissected and fixed for 5-6 h in Bouin's fixative. All procedures followed our previous studies
(Azuma et al., 1991; Azuma and Ohta, 1998; Azuma et al., 2001). The section were stained
using the avidin-biotinylated enzyme complex (ABC) method using commercial reagents
(Vectastain® elite ABC kit or Vectastain® ABC-AP kit, Vector Laboratories, Burlingame,
CA, USA). Control incubations were done on adjacent tissue sections and included

substituting a non-immune rabbit serum (1: 2,000 dilution) for the primary antibody.



Results

cDNA cloning and sequence analysis of the putative Bombyx mori aquaporins

We designed a pair of degenerate oligonuleotides for the highly conserved regions of
insect aquaporins encompassing two NPA motifs, and PCR was carried out with first-strand
cDNA prepared from silk gland, midgut and Malpighian tubules. After optimization of PCR
parameters, the PCR product of the expected size (approximately 440 bp) was prominently
obtained from the anterior silk gland mRNA (Fig. 8A). The 440 bp PCR product was
specifically amplified under the presence of both primers (Fig. 8B). The nucleotide sequence
of this product was determined and the deduced amino acid sequence exhibited high degrees
of similarity with insect AQPs published previously (data not shown).

A full-length ¢cDNA consisted of 2,246 bp in length and contained an open reading
frame of 252 amino acids (nucleotide positions 229-984) encoding a polypeptide with a
deduced molecular mass of 25,900 Da (Fig. 9A). This was designated as the first putative
Bommo AQP (AQP-Bom1, DDBJ/EMBL/GenBank accession no. AB178640). There are two
consensus sequences for N-linked glycosylation site [NX(S/T)] at Asn-50 and Asn-213, one
consensus sequences for phosphorylation by protein kinase C at Thr-6 and one tyrosine Kinase
phosphorylation site at Tyr-250.

We tried to confirm the identical clone from first-strand cDNAs of the posterior midgut,
since the degenerate PCR study showed the same molecular size of PCR product from the
midgut mRNA (Fig. 8A). We obtained another AQP-like ¢cDNA, however, it was different
from the first clone, which was 1346 bp in length and contained an open reading frame of 259
amino acids (nucleotide positions 179-955) encoding a polypeptide with a deduced molecular
mass of 27,963 Da (Fig. 9B). This was designated as the second Bommo AQP (AQP-Bom?2,

DDBJ/EMBL/GenBank accession no. AB245966). No potential N-linked glycosylation site



was found in AQP-Bom2. There are two consensus sequences for phosphorylation by casein
kinase II at Ser-10 and Ser-138.

According to the hydropathy analysis, two cloned Bommo AQPs contained six putative
transmembrane domains, five connecting loops, and cytoplasmic N- and C-terminal domains,
all of which are widely conserved among AQP molecules (Fig. 10A). The second (B) and fifth
(E) loops contained consensus NPA motifs in the first clone (AQP-Boml), while the AQP-
Bom?2 has an alanine-serine replacement at the first NPA motif in loop B. The potential N-
linked glycosylation sites for AQP-Bom1 (Asn-50, -213) were located in loop A and loop E,
respectively. The sequence identity between the AQP-Boml and Bom2 (41.6%) was
comparatively low and both Bommo AQPs exhibited a lower sequence conservation with the
mercury-insensitive water channel (MIWC), namely AQP4 among the mammalian AQPs
(Fig. 10B).

BLAST search comparions of the coding sequence of AQP-Boml revealed that the
highest amino acid identity (>50%) with several insect AQPs published previously (Fig. 11A),
all of which has been isolated by the cDNA cloning from each insect species. A number of
highly conserved motifs are distributed throughout the protein sequences, notably around the
loop B, loop E and the sixth transmembrane domains. Furthermore, the C-terminal tail
contains the ‘SYDF’ as a consensus sequence across the Insecta. The other isoform, AQP-
Bom?2, also showed a sequence similarity with several other insect AQPs, all of which were

the predicted AQP from each insect species (Fig. 11B).



Tissue distribution of mMRNA expression in silkworm larvae

Aquaporins are found in tissues in which water movements are abundant and/or
physiologically important. The presence of different AQP isoforms in silkworm larvae
suggests that they serve different functions in active fluid-transporting epithelia. We prepared
specific DIG-labelled anti-sense sSRNA probes for hybridization and detection of AQP-Bom1
and Bom2 mRNA, respectively, and tissue-specific expression was analyzed by northern
hybridization (Fig. 12). Since we have hybridized the same amounts of mRNA preparation
with two different ssSRNA probes by northern blots, we could compare the relative abundance
of each Bommo AQP transcripts at the respective tissue with the signal intensity. The hindgut
(colon and rectum) as well as the anterior silk gland predominantly expressed the AQP-Bom].
The hindgut showed the highest expression of AQP-Boml as a single band of approximately
2.3 kb. Much lower levels of AQP-Boml expression were present in the midgut and
Malpighian tubules. Instead, alternatively, the posterior midgut and Malpighian tubules
dominated the AQP-Bom?2 as a major 1.3 kb band with a faint 1.9 kb band. Expression of the
AQP-Bom2 was notably absent in the anterior silk gland and the colon. The size of each
transcript was the same as that of the full-length cDNA cloned by RACE-PCR (Fig. 9). The
midgut showed significant regional differences on two Bommo AQPs. Search of a Bombyx

EST database (Silkbase; http://papilio.ab.a.u-tokyo.ac.jp/silkbase/index.) (Mita et al., 2003)

with the AQP-Bom2 revealed that two different clone ‘mg--0505" from midgut and
‘maV30588’ from Malpighian tubules were a part of the nucleotide sequence of AQP-Bom2.
The strong mRNA expression of AQP-Boml from the colon as well as the rectum suggests

the higher water permeability in the hindgut.



In situ hybridization and immunocytochemistry of AQP in the hindgut

We have examined the hindgut region in more details by in situ hybridization, because
the rectum of lepidopteran larvae consists of not only rectal epithelia but the cryptonephric
Malpighian tubules, which has been called as a cryptonephric complex (Bradley, 1985; Liao
et al., 2000; Klowden, 2002; Schooley et al., 2005). An intense signal of AQP-Bom! was
found in the cytoplasm of the rectal epithelial cells (Fig. 13A) and that of the colon (Fig.
13B), but very weakly in the columnar cells of posterior midgut (Fig. 13C). The
cryptonephric Malpighian tubules also showed the significant staining (Fig. 13A), whereas
the Malpighian tubules surrounding the colon were negative (Fig. 13B). The control
experiments using the sense probe of AQP-Boml did not show any specific signal in these
three tissues (Fig. 13D-F) except for nonspecific colorations at the cuticular lining, which was
also seen in Figure 13A and 13B. The AQP-Bom2 was found to be expressed in neither the
rectum nor the colon (Fig. 13G,H), but prominently in the columnar cells of posterior midgut
(Fig. 131). The controls using the sense probes for AQP-Bom2 showed no coloration (data not
shown, similar image to Fig. 13D-F). The cellular expression patterns on AQP-Boml
corresponded well with the data of northern hybridization (Fig. 12).

Finally, we try to confirm the localization of the AQP-Boml in the hindgut epithelia
immunohistochemically, since AQP in most cases resides at the plasma membrane (Agre et
al., 1998; Borgnia et al., 1999). The strong positive immunostaining of AQP-Boml! clearly
distributed at the apical surface of colonic epithelia (Fig. 14A) and at that of rectal epithelia
(Fig. 14B). Very thick stainings in both epithelia imply that the apical plasma membrane has
highly developed villous projections, extending the membrane surface just like the epithelial
cells in the filter chamber of C. viridis (Le Caherec et al., 1997). In addition, the
cryptonephric Malpighian tubules in the rectum showed the positive immunostainings, but the

resolution of AQP-Bom1 localization was not clear (Fig. 14B, lower right corner). This



would be due to the quite thin cell shape with the reduced cytoplasmic space, as we also
observed that the AQP-Boml mRNA expression was very limited in the cytoplasm of the
cryptonephric Malpighian tubules cells (Fig. 13A). Taken together, it is suggested that the
water transport actively occurs at the hindgut epithelia, which seems to play a different role in

fluid transport at the midgut epithelia.






Fig. 9. Sequence analysis of Bommo AQPs. (A) The predicted amino acids of AQP-Bom1 and
(B) that of AQP-Bom2 are shown below the nucleotide sequence. An initiation (ATG) and
termination (TAA) codons are underlined. NPA motifs and putative polyadenylation signals
(AATAAA and ATTAAA) are boxed. The diamond, square and circle indicate
phosphorylation sites for protein kinase C, tyrosine kinase and casein kinase II, respectively.
Potential N-glycosylation sites and cysteine residues are indicated open squares and triangles,
respectively. Bending arrow indicate restriction enzyme recognition site (GGATCC and

ACTAGT) of Bam HI and Spe I, respectively.



A

GATTCAAAGCTTGTGTACCGCGCAGACCGCACGCGCCTCAAAAAGAGT
AACAATTTGTTTTCAGTGCTATTTATTAAACTGTAATAACAATAGTTATTATTAGTTGCG
CGAGAGCTCCGTAGCATTGTAACGTAGCGGCTCTACGAGGCGACGCGTTCGTATTACAGT
GGACGAGTTCTTCCGACGACTTTTTCTCGATATTTTTCCTGAGAAAATTCAAAAATAACA
ATGGCAACGAAAACTACTGAGAAGACAAGCTCCATCATCGGGCTGTCAGATGTAACGGAC
M A T K T ‘3 E K T 8§ 8 I I G L S DV T D

AACAAGCTGATCTGGAGGCAGCTGGTCGCGGAGCTGGTCGGCACCTTCCTCCTTACTTCT
N K L I W R QOUL V A EULV GG T F UL L T S

ATTGGCGTGGCCGCCTGCATCACCATCAACGCCAGCACGGCGCCCCACACCACCAGCATT
I G V A A 2 I T I E A S T A P H T T S I

GCGTTGTGCTTTGGGTTGCTCGTTGGATCTATAGTGCAGGGCATCGGTCACGTGTCTGGA
A L 2 F 6 L L v 6 s I V Q 6 I G H UV S G

GGACACATCAACC( CGGTGACAGCCGGTCTCTTCGCGGCGGGAGACATTAAGCTGCTA
G H I N P Al V T A G L F A A G D K L L

AAAGCAATCTTCTACATCGTAGTGCAGAGCCTCGGAGCAGTAGCTGGAGCCGCCTTTATC
K A I F ¥ I VvV vV 0 S L. 6 A VvV A G A A F 1I

AGGTTGGCGATTCCTGCCGACAGCATCGGTGGTTTTGGTATGACCCTACCCGGACCCGGA
A I P A D S I G G F 6 M TUL P G P R L G

GTTACAGAAGCGCAGGCCGTGCTGGTGGAGGCTCTGATCACGTTCGTGTTGGTCATGGTG
vV T E A Q A V L V E AL I T F V L V M

GTGATGGGTGTGTGCGACCCGCAACGTAATGACCTCAAGGGTTCCGCTCCCCTGGCTATC
VvV M G V 2 D P QR NDULIKG S A P L A I

GGACTCAGCATCACCGCCTGCCACGCTGCTGTCATACCTTTCACG CAGCATGAA
L S I T A 2 H A A VvV I P F T G S{S M |N

CCCGAACATTCGGCCCAGCCTTGGTGATCGGCAATTGGACATCTCAATGGGTTTAC
P R T F G P A L V I G g W T S Q W V Y

TGGGTGGGTCCCGTCGTGGGCAGCGTGGTCGCTGGACTACTCTACAAATTCGCTCTGCGC
WV G PV V G S V V A 6 L L ¥ K F A L R

ATCAAARAAGCCGGAGACACCGGITCTTATGACTTCTAAACAGCTGCACGGGAACTCTTC
I K K A GG DT G S ; D F *

GTCGTTTTCAAAAGGACGTTTTTTTAAATAAAATGATCTATATTACTTTGTAATAGAAAA
CATTTACAATACATACGTTCTTTTGGAACCAGCGATGTCACATGCACCTCACCGACCGCT
TCGTGTCAAAATCGACCGTTTGCCTGACGCATACGATTTTAARATCTTGCTATCCGAAAAT
ATTTCTATGGGTTAGATTAGGTTTCTTTCTTACGAAAACATGGTATAAGAAGAATAATCA
AATGCTATGTGAGAGGCAAACGCAAGATAATTGTATTTGTTATTATAGATTTTTATGAAT
GCTTTTAGCGCGGACCAAAACCTTTTTTTT TACGATTTCAATTATTTTGTCACT
CCGCCGATGTCGTGGAGAAATTTTTAAAA GTAAGGTACAAAAAGTTGAAGT
TTCCGAATATTGAAAACCGACTACGATATATTATCCAAACACg%%%%%ﬁéﬂGTTTAGAAT

AATTCTATGTTAATTTTAGTATGATAAGGTTATTTATATTGT TATGCTAAGT
TAAAGTTATCGATGTGGCGGCTGCACTTTTAGT CCAGGATT GC
CTCGCCAGAGCAACGAACTGCTCGATCAAATTT CAATGABAAC AA
GACTCCCACGTAGAGTCTTATTTGAGGGCATTTAAAACCGACTTTAAC TATCAA
ATTACTGAAAATCGGAGCTAACGTCAGAACGTAATGAGGCAATGAAAQ%%%; CTTGA
AAACCTAAATTAACTGATGAAAGAGTATACAAATAAGGTTAAGTTAAAAAAAGGTTGCAA
AACHATTAANAACTGCTCTTTATTCGATGTCGGTCTATTAATACACATGTAATCATTTAA
CACAAGAAAATCTGCTCAGATTCGTTTTGGAAATACTTATAAATGCTAATTCTGTTCGGA
CTTAGGATTGTCGAATCTTTGTGTTGTTTTGGGTTTAACTGAGTGAACAGCAGTTTTTTT
TCTCTATAGGCCCTTGTACTATAGTGGCTGTTGCTATTCGCGTTTCCTTTGCGTTACGCA
AAATAARAATGTCCATACTCGAGTGCCTATGCTAATGACGTGATAATATGAAGTTATTTA

AAT TTTAAGTTACAAATATTATGTAAATCACTTGAAAATGTTTAAAATAARTA
TTT %%%ggaaaaaanAnaanaaaaaaaaaaaaaagg

60

o o

(=]

OVWRONOANUTIUEWWNINRFREOOONOER I &N DY OO O O &N NOY OO0 O o O O

HONAONOPRONANOERONOORONOOO NO 00O OO OO0 OO0 OO0 OO OO0 oo

NRERRBREERERERREERERREYWOE N N DO N R0 =B B RW RW ©ON vk e N
POOOOOOOOOOOOOOOOO



B

GAATATTTTTATTTCGACGCGGTAGCTGTGCGGTCGTGTCCTCGCTCAATCCATGTG
AAAACGAATTAATATAAGTGCGAARAAAAARACGAACAAAAGACTTGATTAGCAGTAGTG

CCTTGCTGAGTTTTTGTTATGTGATTTTCTGTGTCATCAAAGTTCAGAGAGTCTGCAARA

ATGACGGTTTCGGCAACTAACCCCCAATCGGTCATCGAAGTAATCGAAAATAAAGTACGG
M T Vv S AT NUP Q S VvV I E V I E N K V R
®

TCAGACGTCTCGCAAGCATCAGGATGCAGAGCGATGTACGCGTGGTGCTATGAGTGGAGA
S D Vv s Q A S 6 2 R A M Y A W 2 Y E W R

CAAATCGTATCGGAGTTTATTTCCACGTTGCTGCTTCTCGTGTTTGGGTGCATGGCATGT
Q I v s E F I 8 T L L L L V F @G 2 M A 2

ATACCGCACGCTGGATATTTACCTCAACCACCAATATACGGAGCACTAGGGTTCGGTTTG
I P HA G Y L P Q P P I Y G A L G VF G L

GTAGTCTCGTTTAATGTCCAAATATTTGGACATATATCTGGAGCGCACATGAACCCGTCC
VVSFNVOQTIVFGHTISGA AHBMIEN P s

GTCACACTGGCCTCGCTGATATGGGGCGCGATATCGTTTCCGCTGGCTATTGCGTTTATA
V T L A § L I W G A I S F P L A I A F 1

GTAGCACAATGCGCAGGAGCGATTTTAGGATACGGATTGTTAATAGCTGTTTCGCACATA
V A Q 2 A G A I L G Y 6L L I A V g H I

GACATGGATGGGGTCTGTATGACGTTACCACGTACGGAAATTACATTGTTTCAAGCTTTA
D M D G V 2 M T L P R T E I T L F Q A L

ATCGTCGAAGCAGTTTTGACTGCGGCTCTTTCATTTTTGAACTGCGCCTGCTG CcC
I vV EA V L T A AL S F L N 2 A 2 W D

GTCAACAAGAACAAACAGGACTCCGTTCCGGTTAAGTTTGGTTTGGCTATTGCGGGATTA
V N K N K 0 DS VvV PV K F 6L A I A G L

TCGATAGCTGGAGGGCCACTAACCGGCGCCAGTATGAATCCCGCGAGGTCCTTGGGCCCG
S I A G G P L T G A S M Al R S L G P
GCATTGTGGACGGGTATTTGGACAGGTCACTGGGTTTACTGGGTTGGACCACTAGTCGGG
A L WTG6G I WTG HW V Y WV G P L G

TCTGCAATCGCCGCTGTATTTTATCTTTTCGTTTGGTTGAAAAAAGAAGACACTCCCTGA
S A I A AV F YL F V WULIKIKET DT UP *

TTCATGATCGAATTACGACTGTGTCATATTATAATGTGATGACTTTCAGTTTACGTGCTA
TTTTAAAAGTGTTTTCGGCTTTATAAAGCTCGACAGATGTTTTCACAATGACTAAAATGC
TCTGTACGTGTATTTGTTGAGTGAAAATTAGTGTACTGTGCCAAAAACCGTAACTAAAAG
TACTTCAGAGTTTATTTGTTTCATTTTACGTTACAGAAATGTTTTCTAAATGAATATTAT
AAATTATAACTAGTCTCTTTAGAAAAAATGCCATTCACATTGCTCTATTATTTTTAATTT
GCGAAAAAAAATTTGTACATATCAAAATAGTGAAACCTATARTTAANTGTATATACACAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAA

-121
-61
-1
60
20

120
40

180
60

240
80

300
100

360
120

420
140

480
160

540
180

600
200

660
220

720
240

780
259

840
900
960
1020
1080
1140
1168



Fig. 10. Hydropathy analysis of deduced amino acid sequences of B. mori homologues of
mammalian AQP4, Bommo AQPs and comparison between Bommo AQPs and human AQP4
(AQP4). (A) Kyte-Doolittle hydropathy profile (window 10) of the deduced amino acid
sequences of Bommo AQPs. Putative six transmembrane domains are numbered from I to VL
Position of two NPA motifs were exhibited by arrow heads. Solid bar in profile of Boml
indicate location of the antigen peptides for antibody production corresponding to most
hydrophilic loop D region (see Fig. 3A). (B) Alignment of Bommo AQPs and AQP4. Bommo
AQPs have highly similarity to AQP4 (the mercury insensitive water channel, MIWC).
Transmembrane domains deduced from hydropathy profile (see Fig. 10A) are underlined and
are numbered from I to VI. Identical amino acids with AQP4 are highlighted in black. Dark
and light tints indicate conserved amino acid residues between AQP4 and each Bommo AQPs,
respectively. The two NPA motifs, a hallmark of many AQPs, are boxed. Percentages

represent the amino acid homology of each sequence of Bommo AQPs to that of AQP4.
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Fig. 11. Bommo AQPs share similarity with insect aquaporins. (A) Multiple alignments of the
deduced amino acid sequence of AQP-Boml (Boml) with its homologous proteins; A.
aegypti (AF218314), H. irritans exigua (U51638), DRIP (ABA81817) and C. viridis
(X97159), and (B) that of the deduced amino acid sequence of AQP-Bom2 (Bom2) with its
homologous proteins speculated from genomic sequence of several insects; 7. castaneum
(XP_970728), A. gmbiae (XP_554502), D. melanogaster (GH16993, AAL39296) and A.
mellifera (XP_624194) . The two NPA motifs, a hallmark of many AQPs, are boxed. Identical
amino acids are highlighted in black. Dark and light tints indicate partial identity. Percentages
represent the amino acid homology of each sequence to that of AQP-Bom1 and AQP-Bom2.
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Fig. 12. Tissue specific expression of Bommo AQPs. 1ug of mRNA from several epithelial
tissues were subjected to northern blot analysis. Lane I posterior division of middle silk
gland; Lane 2, anterior silk gland; Lane 3, anterior midgut; Lane 4, posterior midgut; Lane 5,
colon; Lane 6, rectum; Lane 7, Malpighian tubules. Arrangement of the main tissues were
indicated lower scheme of larva. (A) Each filter was hybridized with DIG labelled anti-sense
RNA probe of AQP-Bom1 and (B) AQP-Bom2, respectively.
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Fig. 13. In situ hybridization of Bommo AQPs. Cross sections of rectum, colon and posterior
midgut were hybridized with positive signal probes of AQP-Bom1 (Fig. 7A, B and C) and
AQP-Bom2 (Fig. 7G, H and I). Note that posterior midgut specimens utilized as a actual
positive control for AQP-Bom2 probe. Specificity of the hybridization signal on sections of
each tissue was demonstrated by the no background labelling observed when the negative
control probes of AQP-Boml1 (Fig. 7D, E and F). Lu, lumen; c, cuticle layar; ps, perirectal
space; t, tracheole; pm, perinephric membrane; m, muscle; Mal, Malpighian tubule; cMal,

cryptonephric Malpighian tubule; He, haemolymph. Scale bars, 100 gm.






Fig. 14 Immunocytochemistry of aquaporin in the hindgut of B. mori. (A) Cross sections of
the colon and (B) that of the rectum were treated with anti AQP-Boml1 antiserum. The
specific immunoreactions were marked by arrowheads. m; muscles, t; tracheole, cMal;

cryptonephric Malpighian tubules. Asterisk indicated faeces within the lumen.






DISCUSSION

The functional insect AQP was first cloned and characterized by the pioneering study on
the filter chamber as a water shunting complex in the midgut of homopteran insect, Cicadella
viridis (Beuron et al., 1995; Le Caherec et al., 1996). After that, the knowledge of AQP in
insects has been accumulating steadily (Elvin et al., 1999; Pietrantonio et al., 2000; Duchesne
et al., 2003; Martini et al., 2004; Kaufmann et al., 2005; Spring et al., 2007), which leads to
the understanding of molecular physiology involved in osmoregulatory mechanisms of insect
epithelia. In the present study, we have succeeded in cloning two cDNAs encoding AQP and
characterized two homologues in the fluid-transporting epithelia of silkworm larvae, B. mori.
At the initiation of this study, we had not recognized the existence of AQP in the hindgut, but
this study is going to set out to explain the importance of AQPs in water movements and
associated osmoregulation in lepidopteran hindgut as well as midgut.

The deduced amino acid sequences indicate that two Bommo AQPs share the structural
characteristic features as a general AQP molecule. All cloned insect AQPs tested by the
Xenopus oocyte swelling assay were unambigously selective for water (Le Caherec et al.,
1996; Echevarria et al., 2001; Duchesne et al., 2003; Kaufmann et al., 2005). The AQP-Bom1
shows a higher homology to these insect AQPs reported previously (Fig. 11A). The C-
terminal peptide sequence (-SYDF) as well as the sequence in transmembrane domain VI are
quite well conserved across the Insecta. The latter sequence is generally recognized among
the water-specific family member of AQP in general (Verkman et al., 2000). Although the
AQP-Bom?2 is devoid of "SYDF" sequence, the transmembrane domain VI has a similar
sequence to the AQP-Boml1 (Fig. 10B). Considering the physiological works in the silk gland,
hindgut, midgut and Malpighian tubules, we assume that these two clones serve as AQP

functions for the respective transporting epithelia.



How many aquaporins does it need to be expressed in living insects? Eight homologues
of AQP have been identified from the Drosophila melanogaster. Although DRIP was reported
as a major functional AQP in D. melanogaster, the tissue specificity and the redundancy on
the rest of putative AQPs remains unresolved (Kaufmann et al., 2005). Although isolation of
two AQP isoforms in the present study does not exclude further subtypes expressed in B.
mori, the AQP-Boml seems to be major and shows a ubiquitous tissue distribution (Fig. 12).
The midgut epithelia, alternatively, possess the AQP-Bom2 at the columnar cells of the
posterior midgut (Fig. 13), but we detected the mRNA expression of AQP-Boml in the
midgut tissues (including the visceral muscle and tracheoles on the analysis by the northern
hybridization) (Fig. 12). Thus, we have to pay much attention to explore the expression
pattern of these two AQPs at cellular levels along the length of midgut epithelia. More precise
approach will shed light on the water movement in midgut epithelia at cellular and molecular
levels, since the midgut with its contents in caterpillars seems to function a major reservoir of
body internal water (Reynolds et al., 1985).

The mRNA expression studies of Bommo AQPs indicate that the AQP dominates in the
hindgut, indicating that not only the rectum but also the colon functions as a water gate. It is
noteworthy that the colon is also the important region for water-absorbing process, where the
faeces within the lumen are loosely packed as one or two excreta. This implies that the
hindgut contents proceed a stepwise dehydration through defecation. This seems to be
different from the assumption by the physiological study in M. sexta larvae (Reynolds and
Bellward, 1989). Our preliminary experiment shows that the AQP-Boml strongly possesses
the water transport ability in the Xenopus oocyte swelling assay which can be blocked by
HgCl» (unpublished data). Taken together, the distribution and localization of AQP-Bom1 at

the epithelia of the colon and rectum is physiologically indispensable for osmoregulation in



silkworm larvae. Future studies will no doubt resolve this issue in details including a
functional analysis of AQP-Bom2.

Many larval lepidoptera as well as all Coleoptera develop a modified arrangement of the
excretory system, named a cryptonephric complex, which is concerned with ionic regulation
and water retrieval in response to the physiological stresses (Bradley, 1985; Schooley et al.,
2005). The rectum is closely associated with the distal ends of the Malpighian tubules and the
complex is separated from the haemolymph by a water impermeable perinephric membrane
(Liao et al., 2000). It is generally believed that the complex is a fluid resorption and a water-
recycling system to prevent cell and tissue dehydration among these Insecta (Bradley, 1985;
Klowden, 2002). Very little is known about the molecular basis for the solute transporting
mechanisms working in this complex, where only one excreta exists as a solid form,
producing very dry faeces. We report here, for the first time, the molecular basis of this
elaborate function for water balance in B. mori larvae.

For the caterpillar including B. mori, the water must be gained from food and taken up
across the rectal epithelia to maintain internal water in tissues and cells. Daily expenditures of
water are due to not only metabolic process but water loss as the faeces. There happens no
physiological disorder by starvation for at least 3-4 days at the gluttonous feeding phase of the
final stadium of B. mori larvae, being able to restart their larval growth by refeeding. This
evidently explain that the B. mori larvae are rather tough against starvation. On the contrary,
the homopteran insects such as C. viridis die ~10 h starvation (without water supply). A great
water permeability is a chracteristic feature in the filter chamber as well as in the
cryptonephric complex. The filter chamber functions a rapid elimination of water in order to
avoid dilution of the circulating haemol)\/}nph (Le Caherec et al., 1997). The cryptonephric
complex functions a lower and minimum water loss by a water retrieval from the gut contents.

Such a physiological work must be vital for terrestrial insects in maintaining water



homeostasis of the internal milieu by enduring an accidental water loss or an paucity of water

from plant material in nature.
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Developmental expression and the physiological

role of aquaporin in the silk gland of Bombyx mori
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Summary

We have explored the gene expression and localization of an aquaporin (AQP) in the
silk gland of Bombyx mori. Whole mount in situ hybridization studies with digoxigenin-
labelled RNA probes derived from an open reading frame of B. mori AQP (Bommo AQP:
AQP-Bom1) showed its mRNA distribution strictly at the ASG from vigorously feeding larva.
Its expression became undetectable from actively spinning larva. Northern hybridization
analysis of Bommo AQP in the ASG demonstrated that a single transcript of 2.3 kb was
abundantly present during the feeding phase of fifth instar stadium and its expression
decreased after spinning. Immunocytochemical studies using an antipeptide antibody against
the Bommo AQP molecules revealed that the positive reaction was localized at the apical
surface of ASG ceils from feeding larva and disappeared from spinning larva. Further the
apical surface localization of Bommo AQP was found in the posterior division of the middle
silk gland (posterior MSG) and very strong immunoreaction was also observed at the
apically-opened vacuoles, cavities and pits predominantly existing in the most posterior
MSG. The immunoreaction at the posterior MSG almost disappeared in the spinning phase.
The occurrence and disappearance of AQP at the limited region of the silk gland are
evidently coincided with that found in the H+translocating vacuolar-type ATPase. An
osmoregulatory work along the length of the silk gland enables a silkworm larva to stabilize

the liquid silk as a native state with entrained water during growth and development.

Key words: water, pH, V-ATPase, liquid silk, plasma membrane, Bombyx mori

[Remarks]
The AQP in the silk gland was designated as “Bommo AQP” in this chapter, but this type of
AQP isoform is exactly the same as “AQP-Bom1” described in Chapter 2.



INTRODUCTION

Silk proteins are stored in the silk gland as an aqueous solution (up to 30% wt/vol),
which is called as liquid silk. It has long been argued that water as well as pH nature is a key
factor for controlling the physico-chemical state of the liquid silk throughout development of
the silk gland. The question has raised about how the liquid silk can be maintained in a
concentrated silk dope without fear of irreversible precipitation or crystallization within the
glandular lumen before spilling out of the spinneret. Recently, processing experiments in vitro
have been performed with reconstituted silk solutions obtained from the silkworm, Bombyx
mori (Jin and Kaplan, 2003). The existence of water as a plasticizing agent regulates in the
hydrophobic/hydrophilic partitioning and chain folding of fibroin under the appearance of
nanoscale colloidal-like particles (micelles), which aggregated into larger globules and gel-
like states as the concentration of fibroin increased. Their findings mimic the actual behaviour
of silk proteins in vivo (Akai, 1984, 1998). Jin and Kaplan (2003) implies that water
molecules participates in stabilizing fibroin molecules within the glandular lumen where the
silk proteins are accumulated. It seems to exist the cellular mechanism to circumvent the
premature crystallization in the initial and intermediate stages of silk protein processing until
the completion of spinning.

To elucidate the physiological mechanisms on constructing the supra-molecular
structure of silk, it is necessary to explore the system regulating in water and pH nature in the
silk gland. From this standpoint we have found the H*-translocating vacuolar-type ATPase (V-
ATPase), which locates at the apical plasma membrane and pumps H* into the glandular
lumen (Azuma and Ohta, 1998; Azuma et al., 2001). It is suggested that the physiology of V-
ATPase is the luminal acidification during the gland development in feeding larvae, and at the
spinning phase, when H*-pumping by the V-ATPase is switched off, acidification stops and

the glandular lumen becomes neutral. Furthermore, we have demonstrated that such a pH-



shift in the glandular lumen allows the cocoon-producing silkworms to preserve the liquid silk
in vivo without any irreversible coagulation and denaturation until the completion of spinning
(see Chapter 1). These previous studies indicate the indispensability of V-ATPase in the silk
gland.

Only recently, we have identified and characterized the possible gene responsible for water
transport (unpublished data), which is nowadays authorized as ‘aquaporin’ (Agre et al., 1998,
Agre, 2006). Not only pH shift in our previous studies but also water withdrawal and some
other modifications must be critical for the conversion of liquid silk into solid fiber (Fedic et
al., 2002). Despite a wealth of data on the physical nature of silk proteins as a unique
biopolymer (Vollrath and Knight, 2001; Shao and Vollrath, 2002; Jin and Kaplan, 2003), little
information is available on the molecular mechanisms of water transport through the plasma
membrane of silk gland epithelial cells. We here report the gene expression of aquaporin
(AQP) and explore its physiological significance in the silk gland during larval growth and

development.

MATERIALS AND METHODS

Insects and tissues

Hybrid races (Shunrei x Shogetsu and Kinshu x Showa) of the silkworm, B. mori, were
reared on fresh mulberry leaves or an artificial diet (Aseptic Sericulture System Lab., Kyoto,
Japan) at 24-26 °C. The final (fifth) larval instar stadium continues 7 days for feeding,
followed by 3 days of spinning for cocoon production. Larvae were mostly used at 5- or 6-
day-old fifth instar (vigorously feeding phase) and the stage in between one day and two days
after the onset of spinning (actively spinning phase, after the gut purge).

For the whole mount in situ hybridization, the larvae were dissected with Dulbecco's
phosphate-buffered saline (PBS). The specimens were quickly collected from (1) anterior silk
gland (ASG) to the anterior division of middle silk gland (anterior MSG) and (2) the posterior
division of middle silk gland (posterior MSG) to posterior silk gland (PSG), then immediately

transferred to 4% paraformaldehyde (PFA) dissolved in PBS, and fixed for 5-6 h on ice. PFA-



fixed specimens were washed with PBSTw (PBS including 0.1% Tween 20) for overnight at 4
°C, then dehydrated through a graded methanol series, and finally kept in 100% methanol.
Fixed tissues were stored at -20 °C when tissues were not processed immediately. For the
northern hybridization, ASGs were dissected out and rinsed in an ice-cold sterile PBS. About
50 mg of aliquots (20 pieces of ASG from ten larvae) was quickly frozen in liquid nitrogen,

and stored at -80 °C until utilized for mRNA preparation.

mRNA expression studies

All reactions were performed with ribonuclease (RNase)-free reagents and all
procedures described below were carried out under the RNase-free conditions at room
temperature as long as not specified in the text.

By PCR-based cloning, we have identified the sequence encoding for the B. mori AQP
designated as Bommo AQP in this report from the ASG of vigorously feeding larvae, which
consists of a 2,246 bp of full-length ¢cDNA (DDBJ/EMBL/GenBank accession no.
AB178640). We carried out the hybridization with the single-stranded RNA (ssRNA) probe in
order to increase the sensitivity and specificity as much as possible. Purified plasmid DNA of
pGEM®-T Easy (Promega, Madison, USA) containing an open reading frame (756 bp) of the
Bommo AQP was used as template for the generation of digoxigenin (DIG)-labelled ssRNA
probes produced in vitro transcription by T7 and SP6 RNA polymerases using a DIG RNA
labeling kit (SP6/T7) (Roche Diagnostics, Mannheim, Germany). The DIG-labelled ssRNA
probes were cleaned up with the RNeasy® Mini Kit (Qiagen, Hilden, Germany). Purity of
ssRNA probes (antisense and sense strands) and the rough concentrations were determined by
electrophoresis in a 2% agarose gel containing ethidium bromide. Precise probe
concentrations were estimated using DIG Quantification Teststrips (Roche Diagnostics,
Mannheim, Germany), and then the probes were diluted with the hybridization solution (50%
formamide, 5x SSC, 1% SDS, 200 pg/ml tRNA, 50 pg/ml heparin) for either whole mount in
situ hybridization (250~500 ng/ml) or northern hybridization (~25 ng/ml) as a working
solution.

The distribution of AQP mRNA along the silk gland was investigated by whole mount
in situ hybridization following the established procedure (Xu and Wilkinson, 1998) and the
Roche DIG protocol in order to optimize the conditions for a better signal to noise ratio. Prior
to hybridization, the specimens (kept under 100% methanol) were rehydrated, equilibrated
with PBSTw, and then treated with Proteinase K (40 pg/ml, Roche Diagnostics) for 30 min at



37 °C. The proteinase K-treated tissues were fixed with PBS containing 0.2% glutaraldehyde
and 4% PFA for 30 min at room temperature. After equilibrated with PBSTw, the specimens
were prehybridized at 68 “C for 3 h in the hybridization solution and successively hybridized
with the DIG-labelled RNA probe at 68 °C for 12-18 h in an Eppendorf® tube (Safe-Lock
Tubes, 2.0 ml, Hamburg, Germany). To remove the excessive probe, high stringency washes
were carried out at 68 °C for 30 min twice with the washing solution (50% formamide, 1x
SSC, 0.1% Tween 20), followed by a wash with the mixture (1:1, v/v) of the washing solution
and the maleic acid buffer (0.1 M maleic acid, 0.15 M NaCl and 0.1% Tween 20, pH 7.5). The
specimens were then washed three times for 5 min with the maleic acid buffer at 68 °C,
followed by twice washes for 15 min in the maleic acid buffer at room temperature. The
detection of hybridized probe was performed according to the Roche DIG protocol using
alkaline phosphatase-conjugated anti-DIG antibody with the NBT (nitro blue tetrazolium) and
BCIP (5-bromo-4-chloro-3-indolyl phosphate) colorimetrically. The specimens were kept
overnight (~12 h) in a dark at room temperature. The color development was stopped by
washing several times with PBSTw and the reaction deposits were finally fixed with 4% PFA
in PBS.

For northern blotting and analysis, we prepared poly(A) RNA from the ASG with the
QuickPrep Micro® mRNA Purification Kit (Amersham Biosciences, Buckinghamshire, UK).
Electrophoresis of equal amounts of mRNA (1 pg per lane) was performed on denaturing
agarose/formaldehyde gels (1.2%) and blotted onto nylon membrane (positively charged,
Roche Diagnostics) according to the manufacturer's instructions. After UV crosslinking, the
poly(A) RNA was hybridized with a DIG-labelled ssRNA probe (antisense strand) overnight
at 68 °C in 50% formamide, 5x SSC, 0.02% SDS, 0.1% N-lauroylsarcosine and 2% (w/v)
blocking reagent (Roche Diagnostics). Stringency washing was performed at 68 °C in low salt
buffer (0.1x SSC, 0.1% SDS). The detection of hybridized probe was performed

colorimetrically in a similar way to whole mount in situ hybridization described above.

Immunocytochemistry of aquaporin

A polyclonal antibody was raised in a rabbit against a synthetic peptide corresponding
to part of most hydrophilic loop D region (Agre et al., 1998), namely amino acid residues
165-179 (C165DPQRNDLKGSAPLA179) in Bommo AQP. The antigen peptide was
conjugated via bovine serum albumin (BSA, Minimum 98%, Sigma, St. Louis, CA, USA) as
a carrier, and was then injected into rabbits (Operon Biotechnology, Ltd., Tokyo, Japan). The



obtained antiserum for the Bommo AQP was further purified by passing through the column
of 1gG Purification Kit-A (Dojindo Laboratories, Kumamoto, Japan). The IgG fractions
obtained were diluted with 1 : 1,000 by 1% BSA in PBS. We usually confirmed the significant
reduction of positive reactions by those with the 1 : 10,000 dilution. Tissues used for
immunocytochemistry were dissected and fixed for 5-6 h in Bouin's fixative. All procedures
followed our previous studies (Azuma and Ohta, 1998; Azuma et al., 2001; see also Chapter
1). The sections were stained using the avidin-biotin-peroxidase complex (ABC) method
using commercial reagents (Vectastain® elite ABC kit, Vector Laboratories, Burlingame, CA,
USA). The specificity of the immunostaining was also checked using an absorption test by
preincubating the diluted IgG fraction (1:1,000 dilution) of anti-Bommo AQP with the antigen
peptide (10 pg/ml). The sections were observed under a microscope (Olympus BXS51)
equipped with a differential interference contrast device (Olympus Corporation, Tokyo,

Japan).

RESULTS

Whole mount in situ hybridization of aquaporin mRNA in the anterior silk gland

We have identified the AQP homologue from the ASG by PCR-based cloning. The
spatial distribution of this AQP (Bommo AQP) mRNA was analyzed by the whole mount in
situ hybridization along the silk gland. An intense Bommo AQP signal was clearly detected
and limited to the ASG from vigorously feeding larvae (Fig. 15A, left). The signal intensity at
ASG was significantly reduced in the control experiment using the sense probe (Fig. 15A,
right). This positive signal totally disappeared in the specimens prepared from actively
spinning larvae (Fig. 15B, left). As shown in Figure 1, the expression of Bommo AQP mRNA
seemed to be absent in the anterior MSG at both physiologically different stages. No Bommo

AQP signal was detected in the region from the posterior MSG to PSG (data not shown).

Developmental mRNA expression and immunocytochemistry of aquaporin in

the anterior silk gland



Next, we examined the mRNA expression of AQP at the ASG during the gland
development by northern hybridization (Fig. 16). The explosive growth of silk gland at fifth
instar stadium proceeds in the second half of feeding period (Kajiura and Yamashita, 1989;
see also Chapter 1). Throughout the gland development, hybridized signals were detected as a
single band of approximately 2.3 kb. It was confirmed that the size of the mRNA was in
agreement with that of the cDNA for Bommo AQP (accession no. AB178640). The mRNA
expression at the ASG started earlier before the vast growth of MSG and PSG, and the
mRNA abundance reached a maximum at fully matured larvae (at the beginning day of
spinning) and then declined. These expression pattern apparently coordinates with the
massive growth of the silk gland, or with the deposition of liquid silk at the glandular lumen
of MSG (Fig. 4 in Chapter 1). Although very faint signals were obtained from the specimens
of spinning larvae, the Bommo AQP in the ASG is downregulated towards metamorphosis.
The discrepancy to the whole mount in situ analysis at the spinning stage (Fig. 15B, left)
seems to be due to the sensitivity of the techniques.

We further explored the cellular expression of AQP protein in the silk gland cell with
the antipeptide antibody recognizing the Bommo AQP molecules specifically (Fig. 17). In the
ASG from an active feeding larva (the same physiological stage with Fig. 15A), the Bommo
AQP was detected at the apical surface of ASG cells and the positive signals was absent in the
anterior MSG (Fig. 17A). This apical immunostaining existed underneath the cutilular layer
(Fig. 17B). This indicates that the AQP is situated at the apical plasma membrane, which is
identical with the location of V-ATPase (Azuma and Ohta, 1998). In the specimens treated
with the antibody preabsorbed with the antigen peptide, the positive signal was almost
eliminated at the apical surface of ASG from a feeding larva (Fig. 17C). The positive reaction
disappeared at the sections from a spinning larva (Fig. 17D, the same physiological stage with

Fig. 15B). The results shown in Figures 15, 16 and 17 suggest that the water permeability at



the ASG occurs actively at the growing phase of silk gland and that the water movement is

closed at the spinning stage.

Immunocytochemistry of aquaporin in the posterior division of the

middle silk gland

In the posterior MSG from vigorously feeding larvae, we reported the presence of the
plasma membrane V-ATPase at the apical surface of MSG cells. In addition, closer to PSG,
we found the numerous vacuoles, cavities and pits, which also showed the positive
immunoreaction of V-ATPase. These structures are unique and predominant near the border to
PSG, but the physiological significance of these structures remains unknown (Azuma et al.,
2001).

In an active feeding larva (the same physiological stage with Figs. 15A and 17A), the
strong reaction of Bommo AQP protein was observed at the apical surface including the above
mentioned structures and the positive reaction was absent at PSG cells (Fig. 18A). The most
prominent reactions were observed in the apically-opened vacuoles, which were stained
conspicuously (Fig. 18B). The immunopositive regions were completely eliminated by
preabsorption of the antiserum with the immunogen peptide (Fig. 18C). The intensity of
immunostaining became faint at the apical surface towards the middle division of MSG,
where the vacuoles, cavities and pits became few (Fig. 18D). In an active spinning larva (the
same physiological stage with Figs. 15B and 17D), the positive immunoreaction decreased at
the apical surface including the vacuoles, cavities and pits (Fig. 18E). These results suggest
that the water transport through the AQP also exists at the posterior MSG during the gland

development.
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Fig. 15. Whole mount in situ hybridization of aquaporin mRNA in the silk gland of Bombyx
mori. The anterior silk gland (ASG) and the anterior division of the middle silk gland (MSG)
were probed with the digoxigenin-labelled RNA corresponding to the antisense strand (left
photos) or the sense strand (right photos) for Bommo AQP. (A) 5-day-old fifth instar larvae.
(B) one day after the onset of spinning. Note that the positive signal (A: left) was limited to
the region of ASG. The arrows show the ASG-MSG junction.




Fig. 16. Developmental mRNA expression of aquaporin in the anterior silk gland of Bombyx
mori. Pooled poly(A) RNA (1 ug/lane) from the ASG of ten fifth-instar larvae was subjected
to northern blot analysis and hybridized with the digoxigenin-labelled RNA probe (antisense
strand) for Bommo AQP. A single transcript of 2.3 kb was identified from 1-day-old fifth
instar larvae (V-1), 3-day-old fifth instar larvae (V-3), 5-day-old fifth instar larvae (V-5), 7-
day-old fifth instar larvae (Sp-0, fully matured larvae before the wandering phase), 8-day-old
fifth instar larvae (Sp-1, one day after the onset of spinning), 9-day-old fifth instar larvae
(Sp-2, two days after the onset of spinning). RNA sizes (kb) were estimated from the RNA
standards.
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Fig. 17. Immunocytochemistry of aquaporin in the anterior silk gland from the fifth instar
stadium of Bombyx mori. (A) Longitudinal section at the boundary between the anterior silk
gland (ASG) and the middle silk gland (MSG) from a feeding larva. (B) Cross section of ASG
from a feeding larva. The specific immunoreaction is visible underneath the cuticular layer
(c). (C) Control incubation on adjacent tissue sections to (A) with the anti-Bommo AQP
antibody preabsorbed with the antigen peptide. (D) Longitudinal section from a spinning
larva. Si: liquid silk fixed in the lumen (Lu). The arrowheads show the ASG-MSG junction.
Scale bar, 100 pym.






Fig. 18. Immunocytochemistry of aquaporin in the posterior division of the middle silk gland
from the fifth instar stadium of Bombyx mori. (A, B) Longitudinal section at the boundary
between MSG and PSG from 5-day-old fifth instar larva. There were numerous apically-
opened vacuoles, cavities and pits. The arrowhead shows the MSG-PSG junction. (C) Control
incubation on adjacent tissue sections to (B) with the anti-Bommo AQP antibody preabsorbed
with the antigen peptide. (D) Cross section from the posterior MSG further from the lower left
corner of (A) towards the middle MSG. Note that the apical surface structure becomes simple
and the positive immunostaining of AQP is getting weak. A tracheole (t) is attached onto the
basal surface of the MSG cell. (E) Longitudinal section from a spinning larva. Due to the
counterstaining with the hematoxylin, the apical cell surface is lined with the secreted sericin
layer (s) with a light blue-purple staining. This staining pattern is also observed at the
vacuoles inside (*), indicating the presence of secreted sericin within the cavity. f: secreted

fibroin in the lumen (Lu). Scale bar, 50 ym.
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DISCUSSION

The control of water in tissues and cells requires the contribution of the active transport
system across the plasma membrane. In many insect epithelia, an osmoregulatory work is
unequivocally energized by the plasma membrane V-ATPase (Harvey et al., 1998; Wieczorek
et al., 2000). We have reported that the V-ATPase is localized at the apical plasma membrane
of ASG cells and the posterior MSG cells (Azuma and Ohta, 1998; Azuma et al., 2001). The
present immunocytochemistry reveals that the cellular and tissue distribution of AQP is
similar to that of V-ATPase. The efflux and influx in water and ions must follow the function
of V-ATPase under the developmental and physiological states of living organisms
(Wieczorek et al., 1999; Beyenbach and Wieczorek, 2006). The presence of AQP in the silk
gland correlates with the gland development, indicating that the AQP-expressing regions
provide a major water route for maintaining the luminal contents (liquid silk) as a
concentrated silk dope.

The ASG has ~3 c¢m in length and ~0.5 mm in diameter. It is functioning as a conduit
for silk protein secretions made in MSG and PSG (Prudhomme er al., 1985; Julien et al.,
2005). The liquid silk is converged at the lumen of ASG (Akai, 1984). There seems to be an
increase in mRNA abundance of AQP until the onset of spinning (Fig. 16), because we
analyzed the same amounts of mRNA preparation, and because its tissue mass does not
increase so much during the fifth instar stadium apart from MSG and PSG. If the AQP
functions in supplying water and maintaining a certain level of moisture in the glandular
lumen of ASG, this might explain that the ASG from feeding larvae is mechanically flexible
and strong, whereas that from spinning larvae is something brittle, fragile and easy to break
into a few pieces. The closure of water movement after the onset of spinning reflects in such a

texture of ASG.



We failed to demonstrate the mRNA expression of AQP at the MSG by northern
hybridization, though it was absent at least in the anterior MSG (Fig. 15). Difficulty in
mRNA expression studies at MSG seems to be due to the lower population of mRNA for
AQP than that for sericin (Ser 1 mRNA, Garel et al., 1997). The continuous expression of
vast amounts of Ser 1 mRNA along the length of MSG (Matsunami et al., 1998) may make
the detection of Bommo AQP mRNA difficult. It was also practically impossible to obtain
reliable data on the western blot analysis of Bommo AQP molecules due to the aggregation of
silk proteins in membrane preparations (data not shown). Therefore, we adopt the
immunocytochemical approach for exploring the occurrence of AQP in the MSG (Fig. 18).
Localization of AQP in the posterior MSG coincided well with the V-ATPase immunoreaction
reported previously (Azuma et al., 2001). This suggests that the colocalization of both
molecules in the apical membrane of MSG cells is important at this limited region of MSG.
The secreted fibroin from the PSG first meets the sericin (Ser 1 gene product), which coats
the fibroin for the first time and constructs the inner sericin layers (Akai, 1984, 1998). Here,
the AQP must be necessary to maintain such a physical state of liquid silk during the
enormous growing phase of the gland. This may be the reason why the liquid silk is evidently
soft and jelly-like at this limited region.

Close to MSG-PSG junction, we have identified numerous huge vacuoles, cavities and
pits, which also showed the AQP immnoreaction as well as the V-ATPase (Azuma et al.,
2001). The dense staining at the light microscopic level (Fig. 18B) indicates the numerous
projections of the plasma membrane, just like goblet cell apical membranes of lepidopteran
midgut epithelia (Cioffi, 1979). The liquid silk is truly moistened in this region, suggesting
that the water transport from haemolymph is active and that the vacuoles function a certain
pool for fluids (water, ions and small molecular solutes) probably including sericin. Since the

sericin is a highly soluble protein in water (Fedic ef al., 2002), the most posterior MSG is a



critical region for coating the liquid fibroin with the first sericin. We conclude that not only
the ASG but also the posterior MSG play an indispensable physiological work for pH and
water regulation through V-ATPase as a proton pump and AQP as a water channel at the
plasma membranes of silk gland cells during the silk protein production and accumulation.
Fully matured larvae often do not start spinning soon after the completion of feeding in
rearing silkworms with an artificial diet. A number of researchers have experienced such a
phenomenon that larvae spend some waiting hours (~12 h or more, before the wandering
behavior). This must be rather complexed problem and consequentially happens on fully
matured larvae fed on an artificial diet. These larvae are normally bigger than those reared
with mulberry leaves, but look somewhat swollen with a bit of disorder in internal water
economy (Reynolds et al., 1985). Actually, the osmotic pressure of haemolymph in larvae
reared on an artificial diet was ~10% more higher than those reared on mulberry leaves
(Tsukada et al., 1986). The significant delay of spinning leads us an idea that the larvae reared
with an artificial diet suffer from overloading fluids from haemolymph and that the AQP-
expressing cells at the limited region of the silk gland (the posterior MSG as well as ASG)
impair a certain fluid-transporting function. We cannot ignore the control under the endocrine
system, but the silk gland itself may have some imbalance of water metabolism. Study in
AQP will shed light on the molecular and cellular basis for explaining such a common

phenomenon encountered in rearing B. mori larvae with an artificial diet.
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Fig. 19. Members of the MIP family. (A) Biodistribution of human aquaporin. Thirteen
aquaporins (AQP 0-12) have been identified to date, each with a distinct tissue distribution.
(B) Phylogenic tree of AQP Z and GIpF from bacteria, E. coli, human aquaporins and
published insect aquaporins. Using CLUSTAL W program, phylogenic analysis were
conducted to establish the evolutionary relationships between Bommo AQPs and other
members of the MIP family. Aquaporins are generally divided into four subfamilies: AQP-Z,
AQP8, Super AQP and GIpF group. AQP-Boml belongs to a branch that contains water
channels (AQP-Z group), and appears most related to insect aquaporins. In spite of its high
degree of sequence identity with AQP-Boml, AQP-Bom2 does not belong to either the
aquaporins or the aquaglyceloporins but constitutes a separate group with Reduviid
aquaporin.

(ALK, 20055 5 HEH)
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Fig. 20. Details of hindgut and cryptonephric complex of B. mori. (A) View of the intact
posterior midgut and hindgut after dissection. Tubules surrounding the colon are highly
convoluted. Two pairs of tracheae (T7 and T8) are running to colon and rectum, respectively
(Locke, 1998). (B) Lateral view of the three Malpighian tubules and associated structures.
The three pairs of Malpighian tubules pass through circular muscle layer of the anterior end of
the rectum to enter the cryptonephric complex. Inside of the perinephric membrane,
Malpighian tubules (cryptonephric Malpighian tubules) are also profusely convoluted. (C)
Physiological function of the cryptonephric complex. Ions (principally potassium chloride,
KClI) are transported into and concentrated in the cryptonephric Malpighian tubules, creating
an osmotic gradient that draws water from the rectal lumen. As a result of dehydration from
luminal content, solid feces were excreted. The tubule fluid is then transported forwards to the
free portion of each tubule, from which it is passed to the haemolymph or recycled in the

rectum,

(BIZZE ¥, A4 aickaHEYEE, RAEE, 1970, p.20, & Grimstone et al, Further structure studies
on the rectal complex of the mealworm Tenebrio molito, L. (coreoptera, Tenebrionidae), 1968, p.346 DX
% LIZER, Cl3Klowden, 2002H» 5 HRE)
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The molecular aspects of pH and water regulation in living organisms have been greatly
progressed in recent years. The control of pH and water in tissues and cells requires the
contribution of the active transport system across the plasma membrane. In many insect
epithelia, an osmoregulatory work is unequivocally energized the H*-translocating vacuolar-
type ATPase (V-ATPase) at the plasma membrane of fluid-transporting epithelia. Body water
economy in silkworms largely depends on the metabolic activity of the silk gland as well as
the midgut during the larval growth. The electrochemical gradients established by V-ATPase
usually evoke several secondary active processes by transporters and channels. Silkworm
larvae at the gluttonous feeding phase must carry out the active osmoregulatory work in such
a high energy requiring tissue as the silk gland and midgut. The aim of this study focuses on
the physiology of V-ATPase and aquaporin water channels in these transporting epithelia of
silkworms. This doctoral dissertation consists of three frames of studies in molecular and
cellular approaches as follows.

(1) Acidification by the H+*-translocating vacuolar-type ATPase in the silk gland

The silk gland of Bombyx mori and Samia cynthia ricini produces vast amounts of silk
proteins and stores them in the glandular lumen as a liquid silk during the larval growth and
development. We have explored the system regulating pH in the silk gland, because the
gelation of fibroin is pH-dependent. By injecting the pH-sensitive dye (phenol red) into
silkworm larvae, we have estimated the pH in the glandular lumen. Although the entry of dye
was unsuccessful in the anterior silk gland (ASG) of Bombyzx, the lumen of the middle silk
gland (MSG: major reservoir for fibroin) and that of the posterior silk gland (PSG: the fibroin
factory) were colored with phenol red. The coloration by phenol red indicated that the MSG
was acidic (pH 5~6) in the vigorously feeding larvae leading to gelation of silk proteins at the
MSG and that the PSG was neutral (pH 7~8). When the larvae started spinning, the lumen in
the MSG became neutral. A similar pattern in the luminal pH shift was obtained in the silk
gland of Samia cynthia ricini (Eri-silkworm) with a dye-injection experiment. In Samia, the
V-ATPase locates at the apical surface of PSG, where the fibroin was produced, secreted and
temporarily stored. The V-ATPase is also distributed at the apical surface of the anterior MSG
as well as that in ASG. These V-ATPases became undetectable after the onset of spinning. The
V-ATPase at the plasma membrane of silk gland cells regulates the physico-chemical state of
liquid silk in the glandular lumen, in particular at the MSG of Bombyx and at the PSG of
Samia, respectively.

(2) Molecular cloning, tissue and cellular characterization of two isoforms of aquaporin
Two different cDNAs encoding a homologue of aquaporin (AQP) were identified by a
reverse transcription-polymerase chain reaction from the silkworm larva, Bombyx mori. The
deduced amino acid sequence shares 40-60% homology with other insect AQP homologues.
The first cDNA (AQP-Boml1) cloned from the anterior silk gland encodes a 25 900 Da protein



homologous to insect AQPs isolated from the liquid-feeding insect of Aedes aegypti,
Anophelles gambiae, Cicadella viridis and Haematobia irritans exigua and from Drosophila
melanogaster (DRIP). The second cDNA (AQP-Bom2) cloned from the posterior midgut
encodes a 27 963 Da protein similar to putative AQPs identified in genome sequences of
some insects such as a Drosophila melanogaster (GH16993 or Aqp17664). Northern blot
analysis has revealed that the AQP-Boml mRNA (2.3 kb) is expressed predominantly in the
hindgut (colon and rectum); moderate or lower expression in the silk gland, midgut and
Malpighian tubules, while the AQP-Bom2 mRNA (1.3 kb) is mainly expressed in the
posterior midgut and Malpighian tubules; lower expression in the hindgut. In situ
hybridization studies confirmed the AQP-Boml mRNA expression, but no detectable AQP-
Bom2 mRNA expression at the cryptonephric Malpighian tubules as well as the colonic and
rectal epithelia. Immunocytochemistry using an antibody raised against a partial peptide of
AQP-Boml protein could detect the positive reaction at the apical surface of the colonic and
rectal epithelial cells. These results indicate that the AQP-Bom1 mRNA encodes an aquaporin
working actively for the water-recycling machinery in the hindgut of lepidopteran larvae
(solid/plant feeder), excreting even dried faeces during a gluttonous feeding phase.

(3) Developmental expression and the physiological role of aquaporin in the silk gland

The silk gland of B. mori divided into the PSG, MSG and ASG. The silk gland of B.
mori produces vast amounts of silk proteins at PSG and temporarily stores them in the
glandular lumen of MSG as a liquid silk. The ASG function as a conduit for silk protein
secretions from MSG. The liquid silk converged at the lumen of ASG. In the feeding stage,
mRNA distribution of AQP was strictly at the ASG and its expression became undetectable
from in an active spinning larva. Immunocytochemical study revealed that AQP protein was
found in not only the apical surface of ASG but also that of the posterior MSG in an active
feeding larva. These positive reactions were disappeared in the spinning phase of silkworms.
The occurrence and disappearance of AQP at the limited region of the silk gland are evidently
coincided with that found in the V-ATPase. An osmoregulatory work along the length of the
silk gland enables a silkworm larva to stabilize the liquid silk as a native state with entrained
water during growth and development.

Insects employ a variety of structural and physiological adaptations to keep their water
loss minimum. For the phytophagous caterpillars, which are often gluttonous habitants in an
agricultural field, the gain and loss of body fluids and the water balance has to be strictly
controlled throughout their growth and development. If the expression of AQP and V-ATPase
in their epithelia were manipulated in a certain way for the successive agriculture, the
molecular basis of water permeability and pH homeostasis would become a potential target
for insect control.
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