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Exploring the functions of the handedness-determining single gene
Lsdial in freshwater snail Lymnaea stagnalis: influence on the
normal development

Reiko Kuroda

The establishment of left-right body asymmetry is a key biological process which is
tightly regulated genetically. We have revealed unequivocally that the shell coiling
direction and internal soft-body chirality of the freshwater snail Lymnaea stagnalis are
determined by the single maternal diaphanous-related formin gene, Lsdial. There are
tandemly repeated homologous genes, Lsdial and Lsdia? in this species. By knocking out
the Lsdial gene of the dextral snail embryos using the CRISPR/Cas9 genome-editing
technique, we could create sinistrally-coiled offspring generation-after-generation, in the
otherwise totally-dextral genetic background. The target site for genome editing was
chosen in the FH1 domain (496-566) of the protein, almost in the middle. By contrast,
sinistral strains in the wild (recessive and only 2%) possess a point mutation ¢ 184delC in
the GBD domain (1-95) in the N-terminal region of the protein. The phenotypes of
embryos at different developmental stages were compared. Interestingly, the two sinistral
lines (wild-type and genome-edited) show differences in the ratio of embryos that
develop into adult snails. The lower ratio seen for the CRISPR/Cas9-edited line seems to
be associated with the mutant LsDial protein which as a consequence of editing has ca.
60 altered amino acids in the FH1-FH2 domains and is then truncated. These aspects are
discussed in terms of the protein 3D structure.
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SAXLEEBEZONTVWEN D2 ZREBEHRITADN=AMIEHMIEIVZHETHD, T, K
VNCEARFERE N DIE VST, POX L TITbND DN O N T, HL TR > TR
WV, MR L ZEkI A 1= XAﬁ\&;éJ:O CHR XN, MIZL > TR LIIBEOHND F A
VIRANZALDOREICIIEZBA T BN A D= XLRNFETLINE LRV, 2hb ORI
—HEFELCTZON, BT NEY TR WRKESRH Lymnaea (L.) stagnalis (3 —v v XE ) T 53 04) %
MGRL LIHaDHETHD.

COBEA, EAEREONRE L THOAEDITIETRVENT-HREZERFF-> TnEZ LICERL,
REMFEEIT>TE TS, H—MICHEHEME, £ 98%) & EZEHGME, K 2%)B W5, KNETT
TR RAREE L EAEEZRTOT, EAMEOBERES TH 5. ﬂﬁfﬁi—]ﬁg’(ﬁ%xﬁkﬂﬁ%xﬁ@ﬁﬁ
BHEATI) O TEREBFANEBRL VLT V. BRHOELFEMPBLEFIZE>TRE-TWVD Z &1F 1920
R B STz, Sturtevant? & Diver? (X L. peregra (Y W&/ T 7 HA) ORXEERZITV, B
DEBOIEOBBFRHICEK S TRESTVWDLZ LaWE L. 2L, ZORULE DNA DGR
EREINDHHT, “AUTNLOEMGT" O#HEFCE EE B, Fox i, L. stagnalis % %502 10 i E Tl
ESHEE R LR ER T, BRNEHERT AL, BROBRBTFOERICBVNTY 1 BB THEIC
O— RENIEMPREBEFICL TIRESTWNBZ EEFEFLE .

EBIZ, REICDED BAC 74 77V —{Ek, RY¥arrsn—=r2, AFLP ~—7 —{Eflic &
ST, BREAE LS AERZRO T I5HOBE IR 7. 2026 RMEREBETFTHY, 77
FUBBBERIZES L T2 5 HOBETORIMNEHEEREEERATHK L. Z0/EE, B TS
WCEWRS BB 2 LA N TER O, BEREETFORNIEHTHD. 7111100
IREMR 77 IV —%IAT % Diaphanous-related formin (Dia) ¥ > X7 B &2 a—F 4 V7T 58 BT
T, Lsdial &40 7=, MHEMEO @V D OWBIR T, Lsdial & Lsdai2 & INZ T JMZWA TS, EEH
TliX, 2?05 b, Lsdial BI5TIZRBERERRDY, 2o RIVBERELNRL Ko TWEDTHD 9.

LAL, ZOEBTIIELERREEEETFO “Ff7 ICBET, b BEFIH D2, HDHW0ITHEHK
DBAZFBEAEREICEE LTV Db Lk, & 2T, CRISPR/Cas9 (2 L 5 7/ Atk T, £i&Ik
DZEO—HOEIETTETE ) v 7T ML ThE., TORBE, < R&EZ LI, BRICABADOBEEMN
BWRAROIRE, e bBIcEboTe. MO IBEFIZT L —AY 7 NERARH D LEBIZRD &
WL 7Y T RFERESRED ek, ROBISREINRFICBEICAEAGERRESN TS Z B WL NI
7.0 BB EBIZ T Lsdial &2 DOFRE T JBART Lsdia2 OO % R 7 ENFET D L AHBIC
LsDia2 7211270 LEBIZRD L WVWI DFEI REHRTH L. —~BMOBIRT2, ZHINOLEL M
FV, EYOREEZBA T, v/ 2 LRV TOAEYBEEROELEE TRD TND LN S T EiE, REIZ
BLORIRN 5 8 ROBIZHINOFZ VT 4 — LT, EOX T L TERRERME T EY LsDial 12X
STHEINTVWARDELAI D2 THMHBEEATELDZXT VT 0 —%H 5202 F 5121, LsDial @
&L BREZHAL T ORERH L. 40, 7 AREICL > T TE R EBEHOEFEAELENRARH
KDEBRFEELERTOLRVENI LICEAL, TOBANOYEEABOMELZRIZ L L.

2. LsDial knock out BEOEEF LR

CRISPR/Cas9 %7/ AfmEED PAM FLFIB L % — 4 v FEEFIE FHI KA A VICEEFH LD 2 Z U4,
Lsdial & Lsdia2 BI5TEINCEZEN 2L, B/ v 7 T 7 ERTERWH THD. Fig. 1A IC LsDial
BEL W LsDia2 EHED RAA UIBEZ B L TH L. RARICHELE L TWHAEEHIZI NSO GBD KA
A N IRERE RN S 5 .
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(A) Sinistral strain gRNA D1-MA4
¢.184delC (p.Leub2Serfs*24) target site
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FigurelA. Domain structures of LsDial and LsDia2. The target site of the CRISPR/Cas9 knockout
and the mutation site of the sinistral strain in the wild are indicated. 1B. Bar chart of offspring
(F2) phenotype checked at the juvenile stage for each F1 genotype (bottom of the bar chart),
including wild-type Dex (+/4), Sin (-/-), control (snail 11), and non-edited F1 (snails 1, 4, 9). The
total number of embryos studied (n) is shown on the top of each bar graph.?”

7 BRREEIC L o TH A S Z BRI, del 3, del 21, del 57, del 7 + ins 1, del 4, del 5, del 10, del 13, del
17,ins 1 o7 FI1 b EESZHETCAEENTZF2 RO HOELFEMEEZ, DB F1 ® genotype IZ L -
THBL Fig. 1B ICF &L Th 5.7 Frameshift Z K 2 SR WERN DR L b~ HOXEEBEFIZHN
EEEBEDODHTH 7. To& 2 B7THIE, 2F 0 197 I VEBEEEN KON TYH frameshift Z i Z 2T
EEEBEOR RS-, —FT, MO BT frameshift %L 2 TE BRI/ > TV D EK LB 54 72
< EHBDOMEMKIZ I > 72, CRISPR/Cas9 (2 & » A & #17- frameshift mutation @ genotype (2 & 57, K
RIRDEZER LV b EFHBEERMNMEN - 7=, late veliger I L VBT AED I RPN S BESHT
(Fig. 1B) 7. B E A DOHE X genotype ICE > TRELL L DL RN o, TITEEREROKESD
JRIK A2 R D 722 & B delb/dels (Zxt L CHRAEBBZFEMICBIE L. B/, F11-F13 #IcZ2 > T
L0, HBHE FO T Lsdial B +% 18/ v 770U N U THER L7728 B OFRITABERM & e o Tt
HETHD.
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Figure 2. Normal development ratios of F12 (%) averaged for egg masses laid by each F11 snail.
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Fig. 212, RU 1PMEo#H (F10, wt/del5) 2> b4 F 7= F11 BEATEH%D EM (egg mass, I8, F12
) OEEMEROLEHEZ, HAFIIBICELED THL. EMICLI2ELSZX TN Eno7. —DD
UIBRICIE, 1 OB A>T 7 'BANRERE 60—90 HA->TWA, AUBMLEENE F11 Th 503,
F11 OB EFAIZEFEL T F12 O IEEEARNER 572 wt/del5 (3 wt AU WV E WIEFH EARE R L
7.

Fig. 3A IZ1T FEIN% ORI (L2 R L=, F12-5 (del5/del5) @ EM3(F13)I2i% 87 HDRMR EnEh
DHTENLANIZAS TNV, 2096, EFICRAELELE L > iT, KARBERKOELEH LFEEIC 11
HE2OM b Lisd e, 1 RZT 18 HEICR - Tk L7z. 2 b iZZ0% bIERICKRE L. Eao
NR—THtEER L THDH. AL PEON—IHICRERTDBE SN 5%, BIELI-HZ LI
#LTW5. Dayd BT H2MOEE A, BERIZIZT AT VA7 215 T Fig. 3B IR L7z, BANE
TET/IHNSVEE, HBONEFKENE R sT bR, ZORHICBEIZA .
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Figure 3. (A). Bar chart showing the number of embryos hatched normally (green) and number of
abnormal development observed (orange) on the day after being laid. There was a total of
87 eggs (capsules) in EM3 of F12-5 (del5/del5). (B) Photographs of the embryos at day 4.
Embryos marked with an asterisk were noted as abnormal: development stopped and
stayed at a small size or blistered. (C) Photographs of abnormally shaped embryos which
survived and were taken out of their capsules at day 21. All were alive for some time but

eventually died.
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EM3 ORAEZFEEBE L. W7 ELVATHEAEZHE T TV THHLNICHFE BRbnb T
720 32 &, day21 (2, S®RHEIAYIC 777"‘!?/1/75)%&1,7‘:. RO JE IR I 3%%[3?%5)?67% WZHETHhy, H
ODfF/%EJZLTU\&u\%@ HOBXOHIZRENRS D bDRE, ZHETh o7z, il Lo BER IS
SNtz (Fig. 3C) . #& AL erﬂtéﬁf:_h%mﬁ Eo%b LIES < E%ﬁi D R EE T
NTHC L., RARBROLEERH ERBRICERFICHELAEER LR o720 DI 87 i 26 IR T, EHF
AR 30% Th - 7=,

3. 5/ LIRED LsDial #EE~NDEE

3.1, F/ LIRE Lsdial WMESZERED 1 REE

LsDial & LsDia2 # /X7 B OMHEOE WL, IRE - 72 2 RMEE & 62V Fik A FHI ICREICER L
TW5. FH1 RAA R TEHOMICE N EE % & 5 PP kO LsDia2 TiX LsDial kY 20720 %
WS, T F OB ET ) BERMEE 295 FH2 Mw/ IFEWSHED 72V, Frameshift
mutation Z L Z X2 W7 ) ARRE T FH1 O AR ELT 07200 TIE7e <, del 57/del 57T BRIZE D 7
# @ ##E proline  (LsDia2 @ PP-2 f8i) ¥ L 8, LsDial T i’é) Eb & 28 L2aERE L TUV 7R\ proline

(LsDia2 ({281} 5 PP-3 (I I5R) 28 kb T, LsDial O#fEIZ R b o7=. Z D Z L%, LsDial,
LsDia2 TRKERT I/ BESDOEVEH Y, o TEERBEROENRH D LB 5 FHI fEiki%, B4
HWEICEBIIEZ 200 LW EAMEREOHKEBICITEREIZIZES L TWiRWnWZ L 2R LTWn
%9,

Frameshift mutation %zt Z 2 %1% del 4, del 5, del 10, del 13, del 17,ins 1 TH o 7=, T nE

EOD%%R WCHE 2 DHBERAT.., WThoZRE, FHL AL O NSE»D 2207 I 7 Bk E

TRHEFZREAENERT LD, 0%, WHOHAELIIRKICEY frameshift N Z Y, EL L2
W7 2 /ﬁé%%%%ﬂ wt @ FH1 KA A CH 50 fHFix, S5HICFH2 RAAL COKEHNO 10 7 2 J BEFEEL
WxHE T2 & ZAETELR, TO®KIMGa R Tz, BRSO 7 2/ BEEESI%Z del 5 122
WT DA Figd m L7, FH1 #i&1E proline 23#fE L TV 5 PP (poly proline) fEIEN & 5 Z & THEK

SFohd. Tr7 4V r—T7 7 FUoEEKRE PP B E X T, FH2 RA A UIZHG L7z barbed
end ICHEESLEZZ 5N T3S (Fig. 5A). Frameshift mutants 5\ T4, PP-1, PP-2 fHIIZfEH N D
N, Z—0y MNEIIDH D PP-3 fElK & FiZHit < PP-4 fEIBIE L DI, Proline 28 2 i L7z & 2
AHEZMFEELRLS o TW, ZDOZ L1 LsDial O 7 7 F MBI RS BB A2 52 5137 Th

5.
del5 —
PAM site 4 target sequence

LsDial EEBWAPPPPPPPPPP- - - PlicGGPPPPPPPEPGMGPPEER- - - - - - clicmivPPPHPEGHGAPEPSSHSSPRPTGSESPPPHTIEPHGMAPKKKNT T SAQTRRENWNKENP
LsDia2 EGAGGPAPPPPPPPPGGGPPPPPPPPPPPPPPGMGPPPPPPPPPPRGGGPPPPPPPRGMGPPAPPGMGPRPPRGAESPPSNAPHGMAPKKKETTTAQTKRENWNKENP

FH]. I Y1 =

del 5 WAPPPPPPPRPE- - - PIGGGPPPPPPP- - - ANGSA- STORSGNNAST- PSSWNWSAPS- [I- QHQESTTN- WEll- - ETTARNTSP- - - iN- GTQERINDECS- B

Figure 4. Amino acid sequence of del 5 mutant in the FH1-FH2 regions as a result of
CRISPR/Cas9-induced frameshift mutations. Protein is translated from the mRNA up to a point

corresponding to the 10" residue of the wt FH2 region, where a stop codon is encountered.

3.2 FJLEmESKhTzLsDial EHEOSREE & #EE

Dia # > X7 EIZ "B KA A DD 20 LT _E&EK%E2FEKT 5 (Fig. 5A) . X # (a4 T GBD-DID- DD
& RhoC-GTP # A 1K 19, DID-DD-CC ¥/t 1V, FH2 O ot D W9RH L e sz, 20%, 7
TAAEBHEEHDNTEEOBEMIT L 2310, 2ERGENRHL N2> TWwb (Fig. 5A, B) . Dia ¥ >
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N7 BIITBE ISR RN H D, WE, B TR T N Ko DID KA A & C Kifilo DAD
RAALCPHEEERT2Z L CHCMBIREEEZR L TCRY, 727 F U EE & BU/NEREE O #0123
H4% FH1 RAA & FH2 A A OMREZ SRR ERIZEE L T2 19-17(Fig. 5B). L2*L,GBD N
A A &5 T Rho-GTPase 235G 7 52>, & L <X DAD IZ NPFs (nucleation promoting factor) 73#& &
+% L, DID-DAD RO EAEMAMRME Sh, FHEMMEEL L5 LR TS5, &/ AREICLY

frameshift mutation Z {2 = L7 A REHEICIL DD HAFET 20T, _EbEr 22 NRTX D
LEZTWS, —F T, DAD FAA UNFELELAR WD T, DID-DAD FHAERIC L 2 RIEMEHEL L 5
ZLIETEARY, GBD KA A IZI&4F Rho-GTPase I3fEA TE 5D T, HHEAMELZ L 513 TH
5,

Diaphanous-related formin

" Actin
Profilin + consisted of multiple domains
* interact with many proteins
+ control cytoskeletal dynamics
L@ R eg L

E FH1
)\ o
L T 2 w
® b
* | | ) Na
A 4 A 4 | V Actin
’GTPase HB—catenin ‘ Actin Microtubules
Microtubules Dishevelled
Autoinhibited Activated

Figure 5. (A) mDial dimerizes and interacts with many factors through its respective domains. (B)

Autoinhibited and activated structures. Modified from Ref 16.

FHI RAA T F®W s & 20 CHEMID DIIBENHL MR SRV, KL, 20 Ea—
FETFV U TPT N, ZORE FHLICIZEWRY Fa ) o~ v 7 AEE % & 5 PP fEl & k7
B MMIBEL TRV, PP/PRMs (27 27 4 U »—T 7 F U BEKRIHFEA L T barbed-end 123 1XH 5 73,
FHI1-FH2 @ Dimer #1238\ C, —J57® FHI1 2 leading FH1, & 9 —J57° lagging FH1 & 4351 b,
profilin @ barbed-end ~DT 7 ¥ AN " O THEZR D Z ERRBIN TS 18),

Frameshift mutation Z# =974 / AL TIX, FHL KA A 2D 35% £ T, 5175 F CTIXIELWE
HENESINDN, TORICHN60H DR~ T=7 I/ BEEVI N &, £ Z Ttruncate S5, Z OGN
EDXIR QREEELEDDIIARAWATHDIN, B EREAENELAECHEAERFTICRKEOEES
G252 E00, 2O 1K, 2 KBEEIHEVEETCE VO L LARY. 7/ ARET
frameshift mutation 22 Z L CWARWHIZ FHL FAAL UV TCRKRERREN D> THLEEDEETHS.
— 5. RERWkoAEEHTIE, LsDial ® N TT SICKBEa N ERVERENIZEAEELR V.
Frameshift mutation Zif£ = L7247/ AREH LR A LB -T2, 2O L, FRICR DD,
LsDial ® FH2 FA A VUBPEERMBHEE2 L TWDLIIEEREBLTND.

F2 R CIIRKAHKOLEBEADO EFBERIT 78% FRE T, KARHKOLEEHD 98% L VK1 - 72,
—7J7, 7 ARESNT-HI, F2 ATl frameshift 28 2 LAEBR X L2 o= HiX 43~70% O 1EH 3§
T, late veliger I L W ATICHAEDILE B L < B2 I 72, Frameshift i = X2 WARH T
92-95%RE T -~ 7= (Fig. 1B). ¥ S EBRICH W/ F12-F13 X, EZ4AW 5 & bic F2 R X v ¢
EERBAERIWO L, TTh, 28—37%, 84-96% ThH-72. ZIITEEFERECTH L, EHEHT 2
EuRAToEELEEDLNLD. WTHICLA, 7/ ARETEBIZR ST HOREFRAEFITIHA L NICRA
HEoEEROZNL Y bEW. TOIHHIT LsDial EHEN BT ETHELNA TS Z &, 8niE, EL
KIRWT 2 BEESIN FH1L O@FNbi 2 e nFEEE o TCndeExbhs. B KNA AL DD
THH5DOTBILLTWVWDEEZLLND, Truncate ENT-EHEN Bl LTHREX A ~—%2ED D
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(Fig. 6A), E# 72 LsDia2 &~Tud A ~—% {5 Z LN EEND (Fig. 6B). 77 F U ili# 3£ D
TRTCOEBETHLETHY, TOMEIIIP»PDLIEAEOERN A B2 ERITZEEFTHRT
5. LA, 30—40%DENET, TREERETELANHEET DI LOFPEIREZ oMb LN
2N,

(A) ca. 60 altered amino acids
Mutated LsDial FH1
. D'D - /\ \\,’
m truncated
DD
. pID \/ %
Mutated LsDial FH1
(8B) ca. 60 altered amino acids

Mutated LsDial

FH1
- & truncated
DID /\ e
DD
DD

g—
@ s \\/\/A‘inﬂ-"c

LsDia2 FH1

Figure 6. Possible structures of a homodimer of mutated LsDial(A) and a heterodimer with LsDia2

(B).

4. SHROEREZE

L. stagnalis DELAMER 7 0 I VHEO DiaBEF1ETREINTND Z 2B LML TETL,
TANI VT 7 IV —F ORI, AWML GET AT 7 F UV EAEERRER - TH 5. M
FLECTITR 15, v uAg XFXFTIEH 20 OB B BEET D 1920, 7 4L D% < THIRE S
Z, MBI R AR BB T OEMN TH D, WFEMRO Bnil!?: 13 < 7 X mDial!®!D-1917D b |
? Daam WO EENFRINTE T, 7/ LEEIL, LsDial 7 /v I VHHE RA A FHI 2 % — 5
v & LD (MICERRBIE R |, 77 F Ui ERICEEREREL»E 2 5B xbNnd. 9 —n
vRE )T ITHA RN ABIOERNS, HBIZR D202, LsDial @ FH2 FA A VUBENEE
&% L CWbHZ L, LsDial, LsDia2 TRK& 727 I /JBESOENRH Y, o> THELEEDZEN
HDHERDbND FHI I, EABEEICHEIZIEZ D00 LR WA, EAMEREOBAEICITERE I
5L TWARaWnWZ &, LsDial EHENRFHL FAA VOBRTETELA TS Z &, B, ELL 2
7R BRELFIN FH1I OBHP N OH T EDNBEE LR o TRERFENRE TWA I EBNHLMNE ST,
LsDial BW5ERITRELT-ED S RIEFEERITIE - 72,

89. 4% MRIMDH D oD # 327 H LsDial, LsDia2 N fE+ 5 L FEH, LsDia2 D272 L BB B IR
HEW) RBHEDOFRIZENEW. BAIE, Lsdia2 O v 7T 0 FERBIT-TWEN, FREIITLT
WEOFENNEREITT 7 FUEAHE, DEAMEDOE Y, ~T o RO RN, thox o5y
BLoMAEEROEY, H/NEEOMER, 77 F RBHBRE~ODRER L, Hr REHENYTTND,

L. stagnalis IR EIZEHE T 20 FEB D70 <, ROFIJITT TIZ LsDial I & » TELA MR

51



WK H Lymnaea stagnalis D5 % % 1 {HOB{5 T Ledial DF¥REZ RS

EENTWDEENI VU TARZTHD. ST LV TOMABEERARERT XTIV T 0 —E2HL I
TEX L EENAEV. ZoFE@RAMBEN, Miaf by, EWEEoXT7 V7T 4 —FTILBEIND
ZEMBHLEMNIR o TVDEDT, AMBABORBIINDDDLT —~THD. 0T VNV THHE D EWME
KOELAEWREO T 225N L TWVE .
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