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In this study, we used light and electron microscopy to investigate the formation of lenticular cells,
microtubule behavior, and septum development in the coenocytic green alga Valonia fastigiata. Lenticular
cell formation was a two-step process. The first step involved protoplasmic aggregation in a circular area,
with centripetal microtubules arranged in a circular ray pattern appearing along the peripheries. In the
second step, the plasma membrane invaginated, and a septum was formed. The centripetal microtubules
arranged in a circular ray pattern split into two parts, creating a circumferential narrow band without
microtubules. The plasma membrane then furrowed at the narrow band, and brush-like microtubules
emerged at the leading edges of the plasma membrane during septum development. Cells treated with
a microtubule-disrupting drug during the first step had a destroyed circular ray pattern and diffused
protoplasmic aggregation, while cells treated early in the second step stopped septum formation and
had no brush-like microtubules. The septum grew centripetally, with amorphous materials deposited
first and then cellulose microfibrils synthesized to thicken it. It has been noted that the brush-like
microtubules present in this species may be a component of unique cytokinetic apparatuses, similar to
those previously discovered in Chaetomorpha moniligera.
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Fig. 1. A series of observations of cell surfaces depicting the process of lenticular cell formation in Valonia fastigiata. The images labeled as A
through H were taken at different times: 0, 6, 10, 11, 13, 16, 19, and 22 h after the beginning of a dark period, respectively. Arrows in C point
towards the peripheries of protoplasmic aggregation. The arrows in the insert of D indicate the initiation of septum formation, which is depicted
by a dark green ring appearing outside the peripheries of protoplasmic aggregation.
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Fig. 2. Septum formation in Valonia fastigiata showing the surface views (A1, B1, C1, D1) and the cross-sectional views (A2-3, B2-3, C2-3, D2-3).
A1-3, centripetal ingrowth of a septum (arrow in A3) beginning from the inside of the mother cell wall (MCW) at the outside of the peripheries of
protoplasmic aggregation. B1-3, an early-developing septum (arrows in B3) that covers the protoplasm-rich portions. C1-3, a developing septum

at the middle stage that looks like a holed coin (C1). Centripetal ingrowth of the septum (arrows in C3) proceeds toward the vacuole between the
mother and the lenticular cells. Protoplasm at the side of a lenticular cell (PLC) is distributed much more than protoplasm at the side of a mother
cell (PMC). D1-3, an almost complete septum, where the center pore is to be closed (D1). D3 shows that PLC was closely packed on the septum
(arrows), while PMC extended sparsely on the opposite side. VM, vacuole of mother cell; VL, vacuole of lenticular cell; n, nucleus; ch, chloroplast.

2C2 & Fig. 2C3 DRHD O L FICFEIEED[E D AATE, Fig.

2C3 13, BREED EFR (L > ZAIRMINAAD K /3m 9 % IR IE
B (PLC) Lh@EED TE (REMIRfD £l nofid 2R HE

(PMC) %Z/R~d, PEEEE SIRODMICHE - 2L (Fig

2D2 & Fig. 2D3 OKRHD, wBICHOLDNNZIES T ETL Y
ZIRHIRANE K E Nz TDX I, L R B i
B2 2DODRMNLE> TV, Thbb, 51 REHIH
JERSAD RN FEEEOBBE L BB TH O, ThICHIE,
5 2 BB I3 R B AR RS D i B A F 2 SRG T AN DR
B TH - Tz,

PREERZ CHIC F kD L > RAIRIC X, 3 CISIRIADMFEAE
L 7z (Fig. 2C2 & Fig. 2D2 D VL), Fig. 2C3 I & U Fig. 2D3

TRTEIIC, PLC I, PMC X0 &2 0fL, £, EE
HOEMWEMN ST, RBEENTERICRE NIk, R R
IS LTV FIEE D2 <& L > ZRAHRE Ol BB~
BEI LAY (Fig. 1H & Movie S2), ZD%, L v XRHARIE
RHlEA 5249 % K S IE L7z (Movie S2)s

2. RRZEDRBFRMZEREICH SHlRBROZRIL
FICENBE L, RN L TL % L2 IR R
D 1 ERFETIE, AT % K EM/NE & 3R A5 HMINE
MWHBILU Tz, Fig. 3A 1, JFHIEEMNEX VBB TZMEOEEHE
EAHEBELICENT, 3DDXA TORNEN T 2
i ZN TN ORI ZHAICR T, Fig. 3A DR



PAVRA = sy R Y &7 1115 953 147

50 pm

Fig. 3. Observation of microtubules, actin filaments, and nuclei during lenticular cell formation in Valonia fastigiata. A, a diagram of three
distinct microtubules distributed inside and outside of protoplasmic aggregation, the portion of a dark green disk. Random microtubules (R) and
centripetal microtubules arranged in a circular ray pattern (CR) appeared in the central area and peripheries of the protoplasmic aggregation,
respectively. Cortical microtubules (C) were arranged parallel around the outside of the protoplasmic aggregation. B, immunofluorescence of
microtubules that are situated as indicated in A. This image displays various types of microtubules, including randomly arranged ones (indicated
by arrowheads), centripetal microtubules arranged in a circular pattern (indicated by arrows), and cortical microtubules (indicated by double
arrowheads). C, random microtubules (arrowheads) distributed in the central area of B. Immunofluorescence images of microtubules (D) and
actin filaments (E) and nuclei stained with DAPI (F). The same area was photographed in D-F. Broken lines show the outer boundary of the
protoplasmic aggregation that stands at the right side of each photo. D, centripetal microtubules arranged in a circular ray pattern (arrows),
and cortical microtubules parallel (double arrowheads). E, actin filaments showing reticulated arrangement (arrowheads). F, nuclei more densely

distributed inside the protoplasmic aggregation than the outside.
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Fig. 4. Changes in microtubule arrangement pattern in Valonia fastigiata. A1, the surface view (upper side) and cross-section (lower side) of a
protoplasmic aggregation at the stage indicated by Fig. 1C. A2 and A3 are enlargements of a square in Al and show the locations and ranges
of the distinct microtubules, CR, CR1, CR2 and R. CR and R refer to centripetal microtubules arranged in a circular ray pattern and random
microtubules, respectively. CR divides into CR1 and CR2. A2 and A3 relate to B and C, respectively. B, CR and R were located around the
peripheries and central area of a protoplasmic aggregation, respectively, as indicated in Fig. 3A—C. C shows that CR split into two parts, CR1 and
CR2, to create a circular, narrow band of the plasma membrane without microtubules (indicated with arrowheads) just before the invagination of
the plasma membrane. D1, the surface view (upper side) and cross-section (lower side) of a protoplasmic aggregation at the stage indicated by Fig.
1D. D2 and D3 are enlargements of a square in D1 and have the leading edges of the plasma membrane (LE). D2 shows the different microtubules,
including CR1, CR2, and R, just after the beginning of the invagination of the plasma membrane. D2 pertains to E-G. D3, the formation of a
septum (S). E and F demonstrate the appearance of brush-like microtubules (indicated with arrows) along the LE right after the circular, narrow
band of the plasma membrane has invaginated to create a cleavage furrow. Brush-like microtubules refer to many short microtubules that originate
from the narrow transverse band LE towards two opposite directions (indicated with arrows). G shows that CR1, CR2, and R remain, but CR1 and CR2
vanish soon after the formation of the septum (D3). Although F and G utilize the same specimen, G’s focus is slightly behind that of E. H1, the surface
view (upper side) and cross-section (lower side) of a protoplasmic aggregation at the stage indicated by Fig. 1E. H1 indicates the leading edges of the
plasma membrane (LE) and the septum (S) that is growing deeply into a vacuole. In this stage, preparing specimens with protoplasm on both sides of the
septum was challenging. H2 shows that brush-like microtubules (arrows) originate from LE and extend to either of two directions.
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Fig. 5. Electron micrographs showing microtubules and vesicles in the protoplasm adjacent to a cleavage furrow in Valonia fastigiata. Al,
a diagram showing the technique for making tangential sections to septum surfaces for A2-3. A2, a cleavage furrow (CF and broken lines)
surrounded by the plasma membrane (arrows) near the leading edges of the plasma membrane. The protoplasm of the mother cell (PMC) and
the protoplasm of the lenticular cell (PLC) are on the left and right of CF, respectively. A3 is the enlargement of a square in A2 and shows many
microtubules (arrowheads) and small translucent vesicles (v) distributed in the protoplasm on the plasma membrane near the leading edges. B1
illustrates how to create cross-sections of a cleavage furrow. B2, a cleavage furrow (CF and broken lines) surrounded by the plasma membrane
(arrows) near the leading edges of the plasma membrane (LE). The protoplasm of the mother cell (PMC) and the protoplasm of the lenticular
cell (PLC) are on the left and right of CF, respectively. B3 is the enlargement of a square in B2 and provides a closer view of the microtubules
(arrowheads), translucent vesicles (v), and coated vesicles (double arrowheads) distributed in the protoplasm on a cleavage furrow near the leading
edges. Additionally, fibrous material (double arrows) is present in the cleavage furrow or an incipient septum.
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Fig. 6. Increase in thickness and cellulose content during septum formation in Valonia fastigiata. A, light micrograph showing a merged image of
two different photos in the same section that was stained with Calcofluor White M2R. One photo was taken under a phase contrast microscope,
while the other was taken under a fluorescence microscope by UV excitation. Blue-white fluorescence indicates the presence of cellulose in mother
cell wall (MCW) and the part of septum between the arrowheads [C] and [D]. Septum formation started from the proximal end (arrow) and
proceeded toward the distal end (double arrows). The thickness of the septum is shown by the double arrows in the electron micrographs B, C, and
D, which were taken at the positions of arrowheads [B], [C], and [D] indicated in A, respectively. CBH-I-conjugated gold solution was applied to the
sections of B-D to detect cellulose. B shows no gold particle in the septum at the position [B]. C, the septum at the position [C] labeled by several
CBHI gold particles (arrows). D, the septum thickening at the position [D] labeled by much more gold particles (arrows). VM, vacuole of mother

cell; PL, protoplasm of lenticular cell; VL, vacuole of lenticular cell.
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Fig. 7. Cell wall materials and structures deposited during septum
formation in Valonia fastigiata. A, cell wall specimen that includes the
growing septum (ss and es) of a lenticular cell and a part of the mother
cell wall (MCW) outside of the lenticular cell. The cell wall specimen
was made by the treatment of a mother cell developing a lenticular
cell with a chlorine-based bleaching agent to remove protoplasm.
Septum formation started from the proximal end (F) and proceeded
in order of E, D, and C (arrow) toward the distal end (es). B, a diagram
showing how the cell wall specimen in A was observed. Surfaces (ss)
and edges (es) of the growing septum were viewed from the inside of
a mother cell (arrow). Asterisks in A and B show the inner surfaces of
the MCW. C, D, E, and F are electron micrographs showing replicas
of the surface structures of the growing septum at the positions of
C,D, E, and F indicated in A, respectively. C, the leading edges of the
growing septum (arrows), where amorphous materials (#) began to be
deposited exclusively on the left bottom side. The asterisk shows the
inner surface of the mother cell wall the same as that in each of A and
B. D is situated 50 um proximally from C to the opposite direction of
an arrow in A. D, the appearance of thin microfibrils (arrows) oriented
in various directions that were embedded in amorphous materials (#).
E is situated 50 um proximally from D. E, the deposition of thicker
microfibrils (arrows) and a small number of amorphous materials (#).
F is situated 80 pum proximally from E and shows the proximal end of
the growing septum (arrowheads). Microfibrils of the septum (arrows)
were closely packed without amorphous materials and as thick as
those of the MCW.



THROZT O LY KK 153

JiEANELIA U, AR E Zh > 72, Fig. 7F (X FREED ELIHER (K0E)
2R L, e DOIREER TN BB K Z 180 um BN T 5,
FbiE i OFREEDRMmICIE, —EDFTANCHLSIT %K CMF
(Fig. 7F DK DEEETHAEL, HEVHEZIZEALH
I N o Tz, HHE 0 &2 RO S REHITEEE DN
fiZEm (Fig. 7F O MCW) TH Y, BREERIENL & RO K
ED CMF BEEETIEE L T\,

6. TV NERFIER APM DR

APM QUMM T, aidLiz& oI, Lo XK
RO 1 B CRIBPEESHEBO Ak & hRiBic g nZEnE
ERDMINGE & T > X LT 2 NENHELL  (Fig. 3B),
JFE SR ATREOIMUNCIE TR 2 REM/NED 3 L

7z (Fig.3D)o Z T T, L ¥ ZARHINEIE D5 1 BB (Fig.

1B) IC APM T2 h U L7 MifgZEEL, APM OZN5D
WV T 2B Nz, ZOREE, FIEEEAHEIC
W INEIFBIER X s h o 1z (Fig. 8A DEFROEED, LA L,
JE B A R D S MR IS 1A TECS 3 % R MUINE DM E
L TWz (Fig. 8A DR OL MO —&ERIH), —H T, L
> IR R D 2 BRBHIC A B &, Thbaihlizk oI,
APM LB OMBIC BV TIE, JFREERRD AR ~FaA L,
FREBECRD R E 572 TDEE, AL TV A EEEROR
S FBROMINED IR LTz (Fig. 4K, F), 22T, LV
ZARMRTE D 2 BLFE DY (Fig. 1D) I, APM T2 h 4l
HU7MiazEE L, BEBIROMNEDHE#EZH, Z0
IR, WIEEIANFRA L TV B B EREOR L (Fig. 8B DX

50 um

FD I/ INE IR S Niah o Tz, BB SRR OSMIE
T, REMINE (Fig.8B O HBHEE) HHREL TV,
O, LY XIKMBER DN 1 BRI B 5 APM
IZ KB IBIJERB SR DIVINE & T > & LB B30 INE 2 T
BEL, 282 BYRE T APM WHLZ BRI/ INE 72 B B U 7z,
ZT T, JFEBROMINE &S R LEY]T BHNE, Filk
RIEIRPINE D L > ZIRMBBE KIC B 21372 5 2 RN
fz&, APM THLER U 7=l e 2 AR BEMER R CTHERERYIC 1 >
2=\ Ulze ZORER, REEMMEALTLBL VX
IKHE R D 1 BERSOMIfaZ APM TR L7z & &, —H
EEHLTOWFEIREIRIEE L, APM WUE% 6 i TIEIZE &
DY— D ARICERE > T2 (Movie S3), FHUTH LT, FREENDTE
REND L2 ZIRMREE K O 2 B O i OMNE 2 APM
THMHE L& %, 2EBEBUNICFEREEOERIIELEL, Zh
LI OBREEHE I HE E Nz (Movie S4), LA L, 55 2 E&PE
DEYIT APM TR LU MR T, BB OEMIEMkG L,
FERANCRRBE IS E N7z (Movie S5).

ZR

5 IEHTR EAERD 2 DO A BT B WS 72 8
L, YA 7Y HZMEOREEE K & Mfdgis 25 L
T&ETo YA TTHEMREEICBOTE, FREEEMRIC X 5
NS ZE 2 DD XA THBD B, 1 DIFHINLZ KW I 5 Bkt
IC &> THEEOMIENEIZER T B2 TTHB, TD
Ble UTHIRTR A T IRDO A Y 2 X2 vz (BIH -
BHH 2022), 2 DHIZRHIIEOREFE HEAICERB L TE T

50 um

Fig. 8. Effect of APM on microtubules specific to each step of lenticular cell formation in Valonia fastigiata. A, immunofluorescence of
microtubules in a cell fixed 2 h after treatment with APM at the first step (Fig 1B). Broken lines show the outer boundary of the protoplasmic
aggregation that stands at the left side of the photo. No microtubule was found within the protoplasmic aggregation, whereas cortical microtubules
(double arrowheads) remained partially outside of the protoplasmic aggregation. Compare this photo with Fig. 3B. B, immunofluorescence of
microtubules in a cell fixed 2 h after treatment with APM at the beginning of the second step (Fig. 1D). Protoplasmic aggregation is situated at
the left side of the photo. The leading edges of the plasma membrane were seen as a faint stria (arrows). No microtubule was found on the leading
edges of the plasma membrane. Cortical microtubules (double arrowheads) survived partially in the outer area of the protoplasmic aggregation.
Compare this photo with Fig. 4E, F.
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Movie S1. A video showing lenticular cell formation in Valonia fastigiata
(ver. 1).

Movie S2. A video showing lenticular cell formation in Valonia fastigiata
(ver. 2).

Movie S3. A video showing that APM caused protoplasmic aggregation
to diffuse.

Movie S4. A video showing that APM stopped protoplasmic aggregation.

Movie S5. A video showing that protoplasmic aggregation continued
even after APM treatment.

Fig. S1. Schematic representation that shows behaviors of protoplasm
and microtubules during lenticular cell formation in Valonia
fastigiata.

Fig. S2. Schematic representation of changes in the occurrence and
arrangement of microtubules during septum formation in
Chaetomorpha moniligera.
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