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Cytoskeletal elements in an acoelomorph worm, Praesagittifera naikaiensis
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Summary

Acoel flatworms can move in a variety of ways such as muscular and ciliary movements via cytoskeletal
elements and their neural regulations. However, those locomotive mechanisms have not yet been fully
elucidated. In this study, we examined the distribution of cytoskeletal elements including filamentous actin
(F-actin) and tubulin, and the neuroanatomical organization in an acoelomorph worm, Praesagittifera
naikaiensis (P. naikaiensis). Video microscopy revealed the elongation/contraction and the bending/rotation
processes, and the ciliary gliding movement of P. naikaiensis. Histochemical and morphological analysis
demonstrated that F-actin networks of inner longitudinal and outer circular muscle fibers were positioned
along the entire surface of the body, and that the average distance between the circular muscle fibers in the
contracted organism was decreased in the anterior region compared with that in the elongated organism.
Electron microscopy showed dense bodies on the muscle cells of P. naikaiensis, which indicates that those
muscle cells have the appearance of vertebrate smooth muscle cells. Immunohistochemical analysis
revealed that a-tubulin-positive signals on the ciliary microtubules had close contact with the F-actin
network, and that neurite bundles labelled with anti dSap47 antibody as a neuronal marker run along the
anterior-posterior body axis. These results indicate that the well-organized cytoskeletal elements and their
neural control systems are preserved in P. naikaiensis, and that their mechanisms involved in those
regulation systems are similar to those vertebrate systems. Further studies are needed to clarify the
physiological mechanisms underlying the muscular and ciliary movements in P. naikaiensis.

1. [ZC&HIC AAFE CHNTZ Praesagittifera naikaiensis (P,

S BN | TR (DR T D ERE [RAR D 2B )
T, HLPOJRE & W o TRk 2 £5 =77, M
ROAFHREI D 72 WIAEM IR &2 A T DD TR
WRE 7 I TH D (Bailly et al, 2013;
Baguia and Riutort, 2004; Hejnol and
Muviartindale, 2008), MEAGEIILX, ZhE T
VTRl LR, IFOEW L L% TH D
EEBZ BTN, 5 T REFIENT N6 B
MR EbIZHNEY L Lk ThD EDRE
23 7¢ X7 (Philippe et al, 2007; Philippe et al,
2011), AR, BB AINTEBRREE D
T I AT &, AFED A FERR SN O H
T OV L7=8mECThH D 2 &R
I Thy, BAEGMOENEZE 25 ETHE
AL L TR ST % (Cannon et al,
2016; Rouse et al, 2016) .

naikaiensis) 1%, 2T RAL—FFB T LHXT ¢
7 = BSOS W NIER IR L
TW5 BAREAOEREO—FETH Y, AN
WA A A3 5 (Jondelius et al, 2011;
Hikosaka-Katayama and Katayama, 2015), A&
(ZDWTIE, EENRFME & 2023 2 Ffia e
MR TG T DR, AR M o
SHENH D (Yamasu, 1991), F7=, ZORFE
(ZI3AR O T 72 B DM L T v ALK
XL THWET 2L ICBEIT S 2 &, AR
Rl - FE ORI BEICERT 5 2 L%,
fed CTIER R ERRE N2 AT 5, 2 9 L7cEH)
AL IEHFE TH D Convoluta pulchra (C.
pulchra) TRBROHRED /2SI TND (Tyler
and Rieger, 1999) ,

Z DX DTG EVIIATE & 5 O TR AR
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IREMWTH Y NG, Z OEBEES I FLIE A
Bl-EmERYOEN LR E <, BioE
M7 B ENEAE 2 T - DN T LEMW &
EZ2HND, LI LMD P naikaiensis (2330
TZ DR L O EFHIMRITBA IS
H OO, ERETERECTESIC X HiEERE, &5
LN S OHIEBE SOV TIARHATSH 5,

AKWIETIX, P naikaiensis O EBN IR %
HONZT 57201, HIRERERZTHDLT 7
F U RB LOMUNERIZE B LT, B3I O
PR RF B 70~ — T — O T2 AR R D i) 5
HIENT, 2175 Z & & LTz, AMFROZFITIC X
Y, P naikaiensis \Z B9 % AW TR0 708 N
ARE6N5 2 EITNA T, RENHAHLIEE &
D 7= B O 1 7 TE B | AR AE & fR I T 5
THOETNAEYE L TOFAMEIZONTD
e g Do

2. MHELAFE
2-1. EBREY

li] (L1 V2388 5 N T SRME 212 C P naikaiensis
DEEZAT > T, EROEDIZHOWTIL, E
BEIZEDIRY, 7 A®oOMEKE (ER
14 cm, X 6.5 cm) (17 < WD 2 800 TRl
WKHIZ B S E o, —EMIC 2 BOFIE Tl
WK 2 ANV 2, BIREDOYU =250k X,
HIRTHIE L7z (Fig. 1A),
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Fig. 1. P. naikaiensis in intertidal sand grains (high
density, A), and attaching on the wall of an
experimental glass tank (low density, B). The
organisms are dark green in color due to the

presence of large numbers of symbiotic algal cells.
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2-2. BT A BAIKERTE

P, naikaiensis D¥EFRUL T o D iEiEEKE= N T
WARKICEEWZ, 77 AR MLV Y —LICAR
THBIZZ1T 72, P. naikaiensis D) % i
L CATENMBLEL 24T 5 721, 0.75 M HEfk

~ X L% F L7 (Tyler and Rieger,
1999), &7 A BAMMBEIC THitg 2 fiék L7 (IX71
equipped with DP21, Olympus), D%, fl%
DERDITERERIZOVWTE T AL — R TD
fiEAT I L7,

2-3. EOLSREHRA Lk

A BHX 4% paraformaldehyde CHEIER, Wik
IZREW IR LIl L7z, —IRPURIEHT
tubulin H1{& (clone DM1A, Thermo Fisher), #1
dSap Hiik (DSAP47-1, DSHB), —kHiiAIE
Alexa 488 (A11001, Thermo Fisher) % V> 7=,
F-actin 8 X OVEZIEGK DO 72 01T, Alexa 546
Phalloidin (A22283, Life Technologies Japan) I3
J OVDAPI (10236276001, Roche) % AL 4UH
We, ER L — BB 2T A TR L
7= (FV1200, Olympus) ,

2-4. ZiEAE - BAMEETE

AELZRIEE (2.5% glutaraldehyde), 3 X
BEE (1% 0s0,) Z1TV, FHIEIZHEV Spurr
BIEIC I U7z, A 2FR L, Bt
(2 X0 FE A BB 21T - 12 (H-7650,
Hitachi) .

3. #BR
3-1. EAROWERUVERERRE

T AKFEZIE D H\ T2 P naikaiensis D/
ROJREFHZ1T > 7= (Fig. 1B), #5MIZIT{El
L7285A O Rl L OO K (mean +
SD, mm) (n=293) [FZN L4 137£031F X
W0.34+0.10 TohH o7 (particle analysis, Image
Do RO FZEGDO—FZ~d (Fig.2), 2
R WFRZ 2 L, ERO RS IZEITL T
WOEBARDOHH RO b (Fig 2A), Z O
DEEINT LI CI3 RSP EE TR0
TEEEWRLTWD, BHE I3

(statocyst) DEIZE ST (Fig. 2B), A& &K
KI5 & 22 BB g o TE i B (2 AR 6D T8 73
WEYVDBEEER L TCND Z L, 50307
WRED 2 5L EDR S OMME DR
R bz (Fig. 2C, arrowheads), AT, 1K
WD AR D 5 WIIRE D BEZ AT 558
WOREPBIZE STz, REGMIE & 5 Tk
BIIDETET, TOREEIREEZHITL TV
5 LR sz (Fig 2C, arrows) ,

E T A FENTHN S P naikaiensis 1 XEEYS & BT
(AR U, 2 0% B mE 26 LT 2 & 9 12HT
Hd piEEh 2R L= (Fig. 3A), $£7-, HEHi%
J7 5 ORI i S, T A 2 T
B9 % EH#) 23 fesd 47z (Fig. 3B),
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Fig. 2. Transmission 11ght mlcrographs of P
naikaiensis in viable condition. A whole body
showing dark-green color due to symbiotic algal
cells (A). Magnification of rectangular areas with
solid line (B) and with dashed line (C) in A. st,
statocyst. ¢/, ciliary layer. Arrows, protrusions,
including pigments, extended toward the ciliated

epidermal cells. Arrowheads, microvilli.
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Fig. 3. Sequential video frames durlng elongatlon
(A) and bending/rotation (B) processes of P
naikaiensis. Pickup frames were collected at 0.33
sec intervals from a video-recording system.

1.00

(sec)

3-2. MIRE R ESEFS L UMW R OBIEE

SRR LRI L M B RS BRI O
TTﬁQ?KUDﬂEf%&%é:mlﬁﬁﬁ%a)ﬁ?jﬁ%3ktiilzf:oit
ERmGgoREZXM» 6, MELEEETE
F-actin & BEZAMARRIZEL M L) —123 4 L T
WD DI LT (Fig. 4A), W L 72 ATl
RREICFN SO T 7F L BEAHIICE
BLTWAZ o7 (Fig 4B), £7-,
& D Kl 75 1) & Fdh 5 A IC B M 9% F-actin
WP RZTLHETHEAROR Y VT —7 &
L TW5DZ ENbhotz (Fig. 5), RiEEs
KO HERIZ DU TR 7 18] D F-actin 3D ft
V3 U IR A B U745 5%, RIS F-actin
WED LoME CEHE) 25, [HERF 4.0 pm
D> BUIHERE 2.2 um & FL< 7o TNZ— 5T,
R I Tl F-actin 3R E 5 L ORIFRICKE 72
AT D HZe o7 (Fig 5).

Fig. 4. Distribution of actin filaments in P
naikaiensis. Organisms in the elongated (A) and
contracted (B) conditions. Each panel consists of
maximum  projection images of confocal
microscopy stack of specimens stained with
phalloidin (/eff) and DAPI (right). Note the high
accumulation of both actin filaments and nuclei in
the contracted organisms.

anterior anterior

Fig. 5. Muscular orgamzatlon of P. naikaiensis.
Organisms in the elongated (A) and contracted (B)
conditions. Maximum projection images of
confocal microscopy stack of specimens stained
with phalloidin. Each panel indicates confocal
projection images consisting of anterior and middle
regions (left column), enlarged rectangular areas in
those projection images showing representative
single optical sections with gray scale range
(middle column), and density plot profiles
generated from those gray images by using NIH
Image/Image] software (right column),
respectively. Mean value of peak to peak distance
(um): 4.0 (anterior/elongated), 2.2
(anterior/contracted), 2.7 (middle/elongated), 2.6
(middle/contracted). Note the  musculature
consisted of a grid of circular and longitudinal
Crossover.

PT a -tubulin HLIRIZ X BHUINE D547 Z 57~
770 T RCHIBROREEZ O MU NE B I I [F R
ZHEYfa L7z F-actin pyv U —27 NidE LT
W5 Z &, BIO Factin O E AR 7258 B
T FADED Bz (Fig. 6),
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Fig. 6. Distribution of microtubules and F-actin in
the surface region of P naikaiensis. This panel
consists of optical sections of confocal microscopy
(A, B) and the DIC image of the same visual field
(C). Double-labelling for o-tubulin (A) and
phalloidin (B). Note the a-tubulin-positive signals
on the ciliary microtubules and the underneath
layer formed by actin filaments.

HHER D AR Z ] B 2N T 57201, it
dSap47 FURIC L DBt 21T > 7=, BAFF
firha (statocyst) fHiEzfEsme U TEL =Xt
PR DMER O Rl 7 2 BT L TR Y, KEH
WZHEAMAIR AR R (vie), A RIS AMAAR AR 58
(dle), HFHNCHENMRESE (dme) 23ELM L
TWAZ LRSI, HIEMRRE R Z A LTV
5 ERbholz (Fig 7).

Fig. 7. Nervous system in the anterior region of P
naikaiensis. A maximum projection image of
confocal microscopy stack of a specimen stained
with anti-dSap47 antibody. Neurite bundles run
along the anterior-posterior body axis. Note the
lateral nerve cords interconnected by commissures.
dmc, dorsomedial nerve cord. dlc, dorsolateral
nerve cord. vic, ventrolateral nerve cord.

3- 3 {ZIK%%O)/@‘%% BEEEEL

TAPREEIEZ X 0 AT 21T - 7=, FERZ RN
):‘IET ZBWT, Wil R 0BT, X0 RSk
BCIEER O T HIC, ZOBET (RN

TIXEROEE G AICE N L TR Y, —JmE

DFFEHER DN EVNIARZZL TWD Z ERnbhn
7= (Fig. 8A), F£7-, AfifadEnEITL T
BRI A FEAALE LTV D 2 & AR
7z (Fig. 8A), Mifilad—# izt K4 % &,
i HE R EICEHIN e Ky MIRO & E 75
DOREEIBIE S 7z (Fig. 8B),

Fig. 8. Muscular orgamzatlon in P nazkazenszs
Tangential sections were made from the dorsal
surface of an organism. Low magnification image
showing the musculature consisted of a grid of
latitudinal and longitudinal crossover (A). Note the
orderly array of those muscle cells. Enlarged
rectangular area in A showing smooth-muscle cells
characterized with dense bodies (B). Asterisks,
muscle cells. An arrow, the interdigitation between
muscle cells. sa, symbiotic algal cells. Arrowheads,
dense bodies.

2 B2 AR Ok B BB/ IMA I AT RE U BRI 2
T 5 HRHER (ciliary rootlet) 23388 H 417z (Fig.
9A) . REGHIF M IR FIMEE TR S
THMMELEZONIBEERPIRBD N

(Fig. 9B),

Flg 9. C111ary and m1cr0v111us structures of P.
naikaiensis. Longitudinal sections of a ciliary base
with its attached striated rootlet (A) and of a
microvillus (B). cr, ciliary rootlet. d/, dense layer.
cl, cilium. mv, microvillus.
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4-1. P naikaiensis DIHEFHIRFE

HAREREE FIZRT D P naikaiensis DIERE (£
i), pRIE G ONEESThER 1.37,
0.34 mm & FHAl S L7z, ITRRAE D S. roscoffensis
TR 2~5 mm, {RBE2S 0.35~0.5 mm & Eh

(Semmler et al., 2008), P naikaiensis 1% S.
roscoffensis D F I~ TEHF A TIE 50%
LR C/NITHD Z Enghrol,

P naikaiensis DR N 330N THReD TH# 7ok
FEHNNBEE S Tz, ITERFED C. pulchra \ZF0
TITREL F ML K= T oL RF oL &
Z BN T3 (Bendini et al., 1973; Pfistermiiller
and Tyler, 2002), P. naikaiensis D g4 ES) - fig
FREEIORIL, C pulchra DZFi LI L T
U 7z (Tyler and Rieger, 1999), 3726 P
naikaiensis DIEENELZUTL Convolutidae FHIFFE
72 EENERNCTdH 0, MEER) T K 5 W)
& HEIZ & D EIARE T EE ) B2 D 2 & A
bhrole, AR OEBH M ICE LTI,
I CTH D S, roscoffensis \IZEWTHED H
D, ZAUT KD LR A —BWTEE LA R R R
KA 5 Z L2k o TIEDNEMEN KD
oD ENHERIINTUWD (Sprecher et al.,
2015), P naikaiensis \Z3T b [FERD KS 03
RO HILDINE D, T EAT O LER B D,

P naikaiensis TH#1%: I L7z statocyst |E S
roscoffensis DL &AL L TU 7z (Bailly et al.,
2014), MERGEN)IZ IS\ T statocyst (X S1 IR,
DIZDHDEFREE TH D Z LRSI TH
% (Ferrero and Bedini, 1991), %7z, statocyst
ki & U RIS LT & o Rl 7 i e
FZRMOIRO T 4 U BER S, 2T s
DEBITIAEERHE T RN L2 BRL
THEY, MOMBMER BN L TnD b0 L
=Nz,

4-2. P naikaiensis ORI EHE & #H88ER D530
P, naikaiensis |23\ % F-actin B OEL[A] X, &
i D il 7 2 seb U CIEAT IS EL 17§ 2 Al ke
& AR O R 7 TR 2 B W) 9 B A Rk A
22X, S roscoffensis DEIVEFARL L TWH Z
ENbh o= (Semmelr et al, 2008) ., HERGENY
DEHED AT L - TR RS & &

U, S roscoffensis D fj fk HE O B ) X
Convolutidae % 4 712 J& L T\ % (Hooge,
2001) , P. naikaiensis ® - #11% Convolutidae % A
TEHEP LTINS Z BRI LT, BRI
HMEAT% O F-actin OBLANZ DN THENT L 724
R, WHERFIZ AR ORI 2 > T\ DH Z &
Moy o T2, P naikaiensis 0 SEHEO Hl 1 23ME 4
BIROEBFE N IZB W TEER2KE 2 H - T
WD ZENRBREINT, ERETHD C
pulchra \ZBWCHIEHA M E2 2 & TH
MR HCHEELER) 21T 5 Z & ARG S LT
% (Tyler and Rieger, 1999), ZN 5D Z &b
P, naikaiensis 73J& 3 % Convolutidae FHI 33T
PR SR NT K 2 ALy S A 73 e Bl A 3 T e
SN,

MRERICEI LTI, S roscoffensis TidAA 3
KO EZ A L, IR T 2R EZ R
THNFEREED AL R L, MR E I L TAT
B A H L T\DH & IHDH (Sprecher et al.,
2015), P, naikaiensis {233\ T & EHET D statocyst
HEBELA LT /Ed 3 5 OFRE SR D3 e
N7 Z &6, S roscoffensis & FEEL L 7= A% 3
B2 &N TV D b0 L HERE S LT, S
LTS SNTZIRD T A 3R R
DOEMIZ—FH L TNWDbD EE X b, 5%,
PR RIS L ORI # R A AR & L 7 FRE A
2R 2 AR TEEN R RE ~ DB A TR N D B
Bd 5,

4-3. P, naikaiensis 1553% D BIMIE AE 70 R

P, naikaiensis O it R _E I JE IR 722 & R
FEEREIE TR B, TFLENY O IR iR
PRSP 72 5K (dense body) TH D LR X
Nnic, I, RIEEWMIZIET 2 Schistosoma
mansoni O FFIABOFREMEDS, Wil & BB O
NAT Uy RThDHEORENRENTVD

(Sulbaran et al., 2015), 5%, P naikaiensis ®
A AGHE SR DFERN 72 T 2 HE 8, WFLEZ Z 672
e S BV O - 1 5 O HI A O Jn R & B o
T, ZOEMBEOMALED TH BLERH
%o

FEHIIEIZF VT ciliary rootlet 23152 S 4
oo BREIC K > TR IEELRT Z L0
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Mo TEY, EEEMICHBWTITZE DR E L
TREIEROR T3tk <, #BOFZE DI5H
W L CLE L CWb & b (Lundin,
1997), Ciliary rootlet (%, FI|Z rootletin & FE{X
NHE U RIBEITL > TR END Z &, Hik
FIMOZFICEET 2 ZERRBITVDS
(Styczynska-Soczka and Jarman, 2015), 4 7%,
P naikaiensis \Z568L L T\ % Ciliary rootlet ##
WO S T E a2 L TS BER D
Do

5. BhVYIC
AW T T NIRRT 5 P
naikaiensis DIEFNERE O 2 B L, Mias

FEEEFRITHE B LIt 21T - 7o, € OBEEE,

ARARAME SR & TN DRI, RSB D o3 Ak,
RRFHT O E, DL E o7, Ik
@’C & % S. roscoffensis X° C. pulchra % & FE{EL L
ITENERES, MMBHEER DA, MEED
*%Jaii’ﬁ'g_é ZEWNRBEINT, —T, AR
R CHTT IR WL S LT Mifa i, 38 K OWIRESC
Bic % 2 8D 7o AR B O fil RS, ORI AT

TR - AR FEBRIC K 2 REM 22 it &2
EOTWSBERH D,

AWML DFRER NG, P naikaiensis 1 X7 ARH) 72
Y TH VRN D, WAL E TR B —ik
i3> T D@ 7 AR R ENEE 2 A L C
WD Z EDVHIBA LTz, P naikaiensis {3358l 1H)
WHEOIRIRIC T 72BN T VEH LY
2%,

6. B

B OBREICH T TH IR EE L
K%ﬁ%%WE¢um@£%ﬁ®¢5%uéﬁ
K, Wi fog RIS L £,
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