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It is widely believed that cleavage-furrow formation during cyto-
kinesis is driven by the contraction of a ring containing F-actin and
type-II myosin. However, even in cells that have such rings, they
are not always essential for furrow formation. Moreover, many
taxonomically diverse eukaryotic cells divide by furrowing but
have no type-II myosin, making it unlikely that an actomyosin ring
drives furrowing. To explore this issue further, we have used one
such organism, the green alga Chlamydomonas reinhardtii. We
found that although F-actin is associated with the furrow region,
none of the three myosins (of types VIII and XI) is localized there.
Moreover, when F-actin was eliminated through a combination of
a mutation and a drug, furrows still formed and the cells divided,
although somewhat less efficiently than normal. Unexpectedly,
division of the large Chlamydomonas chloroplast was delayed in
the cells lacking F-actin; as this organelle lies directly in the path of
the cleavage furrow, this delay may explain, at least in part, the
delay in cytokinesis itself. Earlier studies had shown an association
of microtubules with the cleavage furrow, and we used a fluores-
cently tagged EB1 protein to show that microtubules are still as-
sociated with the furrows in the absence of F-actin, consistent
with the possibility that the microtubules are important for furrow
formation. We suggest that the actomyosin ring evolved as one
way to improve the efficiency of a core process for furrow forma-
tion that was already present in ancestral eukaryotes.
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Cytokinesis is the final stage in the cell division cycle in which
the cytoplasms and plasma membranes of the daughter cells

become separated. In unikonts (animals, fungi, slime molds, and
their close relatives), cytokinesis occurs by the symmetric or
asymmetric ingression of a “cleavage furrow” from the periphery
of the cell. For 50 y, thinking about cleavage-furrow ingression in
these cells has been dominated by the contractile actomyosin ring
(CAR) model, in which bipolar filaments of myosin-II walk along
actin filaments (F-actin), much as in muscle, to produce the force
that pulls the plasma membrane in to form the furrow (1–4).
Actin, myosin-II, and functionally related proteins are clearly
present in a ring that constricts during furrow ingression in uni-
kont cells (2–11), and there is good evidence both that this ring
produces contractile force (12, 13) and that this force is required
for normal cytokinesis in at least some cell types (14–18).
However, there are also multiple observations that are difficult

to reconcile with the CAR model, at least in its simplest forms.
For example, in mammalian NRK (rat kidney) cells, local appli-
cation of the actin-depolymerizing agent cytochalasin D to the
furrow region accelerated, rather than delayed, furrowing (19, 20).
Moreover, equatorial furrows could form in NRK cells while
myosin-II was inhibited by blebbistatin, so long as the cells were
attached to a substratum (21), and a motor-impaired myosin-II
supported a normal rate of furrow ingression in mammalian COS-7
(monkey kidney) cells (22). In addition, myosin-II-null mutants are
viable and can divide in some microorganisms. In Dictyostelium
discoideum amoebae, such mutants form equatorial cleavage fur-
rows when growing on a solid substratum (23–26), and, in the
budding yeast Saccharomyces cerevisiae, the mutant cells complete

division even though they fail to assemble an actin ring at the
division site (10). Although cytokinesis of the yeast mutants is
inefficient, it can be almost completely rescued by expression of
the myosin-II tail domain, which is incapable of generating force
by myosin−actin interaction (18, 27). Moreover, in the fission
yeast Schizosaccharomyces pombe, modeling indicates that the
actomyosin ring cannot provide more than a small fraction of the
force needed to drive furrow ingression in the face of intracel-
lular turgor pressure, and pharmacological disassembly of
F-actin after initiation of furrowing did not inhibit further furrow
ingression (28).
The limitations of the CAR model become even more ap-

parent when cytokinesis is viewed in a phylogenetic and evolu-
tionary perspective. For example, most cells in plants divide by a
mechanism [centrifugal cell plate growth mediated by the mi-
crotubule (MT)-based phragmoplast (29–32)] that seems com-
pletely different from the cleavage-furrow ingression of unikonts,
although the two groups have a common ancestor. Moreover,
except for the plants, some types of algal cells, and some intra-
cellular parasites, all non-unikont eukaryotic cells that have been
examined divide by cleavage-furrow ingression (33–41) although
they lack a myosin-II, which appears to be present only in the
unikont lineage (42–45) [with the interesting exception of a
myosin-II in the Excavate Naegleria gruberi (46)]. There is very
little information about the mechanisms by which such furrows
form, although some non-unikont cells have been reported to
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have actin localized in the developing furrows (34, 36, 37, 39,
47–49), raising the possibility that actin might have a role that
predates and is independent of myosin-II.
Taken together, these and other observations (30) suggest that

the earliest eukaryotes had a mechanism for cleavage-furrow
formation, presumably inherited from their prokaryotic fore-
bears, that did not involve a CAR, although it might have in-
volved actin. Importantly, such an ancestral mechanism might
still exist as the underpinning for many or all of the seemingly
diverse modes of cytokinesis seen today. To explore the nature of
this postulated mechanism, we are studying the green alga
Chlamydomonas reinhardtii, which divides by furrow formation
(refs. 33 and 50; this study) but has no myosin-II (51).
During growth under a daily light−dark cycle, the Chlamydo-

monas cell cycle consists of a long G1 phase during the light
period, followed, during the dark period, by one or more rapid
binary division cycles of S phase, M phase, and cytokinesis (52).
In each cycle, a cleavage furrow appears to ingress asymmetrically
to separate the daughter nuclei, daughter chloroplasts, and asso-
ciated cytoplasm (refs. 33 and 53; also see figure 5 of ref. 52). It
remains unclear whether (and, if so, in what form) extracellular
matrix/cell wall deposition occurs external to the plasma mem-
brane in the ingressing furrow (see images in refs. 33 and 53). At
least two sets of MTs are associated with the furrow and may be
involved in determining its position and/or in promoting its in-
gression (33, 50, 54–56). In addition, immunofluorescence and
phalloidin-staining studies have suggested that actin localizes to
the furrow region (48, 50, 57, 58) in an MT-dependent manner
(50), suggesting that actin might have a myosin-II-independent
role(s) in Chlamydomonas cytokinesis. Testing this possibility has
been challenging because actin is both essential for viability in
Chlamydomonas and encoded by two genes, either of whose
products can provide the essential function(s). However, in this
study, we have been able to use a combination of a mutation and a
drug to eliminate F-actin. We found that cleavage-furrow forma-
tion in Chlamydomonas does not require F-actin but is facilitated
by it, apparently, at least in part, because of a previously unap-
preciated role for F-actin in chloroplast division. Our observations
on MT behavior in the absence of F-actin are also consistent with
the hypothesis that the MTs play a role in furrow formation.

Results
Live-Cell Observations of Cleavage-Furrow Ingression. Previous de-
scriptions of cytokinesis in Chlamydomonas have been based on
light and electron micrographs of fixed cells (33, 50, 54). Because
such images do not provide dynamic information, such as the
rate of furrow ingression, we expressed the plasma membrane
ATPase PMH1 (59) tagged with mNeonGreen (mNG) and ob-
served living cells by time-lapse microscopy. As expected, a
cleavage furrow ingressed primarily from one pole of the cell (Fig.
1A, arrowhead 1, and Movies S1 and S2); it reached the opposite
side of the cell in 16 ± 3 min (n = 13). However, the earlier ap-
pearance of a small notch at the opposite side (Fig. 1A, arrowhead
2) suggested that a “lateral ingression” formed a groove around
the entire perimeter of the plane of cleavage well before ingres-
sion of the medial furrow was complete, consistent with observa-
tions by differential-interference-contrast (DIC) (Fig. 1A, 10 min
and 12 min) and electron (33) microscopy. When the imaged cells
also expressed ble-GFP [a marker for the nucleus (60)], it was
apparent that the medial furrow began to form at the anterior pole
of the cell and progressed between the daughter nuclei (Fig. 1B),
consistent with previous reports (33, 54). In most cells, furrow
ingression was accompanied by cytoplasmic rotation (Fig. 1A,
0 min to 16 min), as reported previously (33).
Under the growth conditions used, most cells underwent two

or three rapid divisions, then hatched from the mother cell wall
as four or eight daughter cells (Movie S2). The second cleavage
followed the first by 38 ± 4 min (n = 11) and was often not

clearly visible because of its angle relative to the imaging plane.
However, when it could be seen clearly, it always initiated at the
center of the previous cleavage (Fig. 1A, 46 min, asterisk, and
Movies S1 and S2)

Association of F-Actin, but Not Myosins, with the Cleavage Furrow.
Despite the lack of a type-II myosin in Chlamydomonas, actin might
still have a role in cleavage-furrow formation. To explore this pos-
sibility, we first expressed the F-actin−binding peptide Lifeact (61)
as a fusion with mNG. In interphase cells, F-actin localized around
the nucleus, at the basal body region, and in the cortex, as observed
previously (Fig. 2A; refs. 62–64). In dividing cells, F-actin showed a
transient but strong enrichment at the anterior pole (Fig. 2B, 0 min
to 4 min) and then appeared to be associated with the furrow
throughout its ingression (Fig. 2B, 4 min to 12 min, and C, “First
division,” and SI Appendix, Fig. S1). F-actin was also associated with
the new furrows (but not the old ones) in cells undergoing their
second round of cytokinesis (Fig. 2 C, “Second division”).
If the F-actin associated with the furrow region has a role in

cleavage-furrow formation, one or more myosins might also be
involved. A basic local alignment search tool (BLAST) search of the
Chlamydomonas genome using the motor domain of Drosophila
melanogaster type-II myosin detected only the three myosin genes
reported previously (62). A phylogenetic analysis indicated that
MYO1 andMYO3 encode type-XI myosins, whereasMYO2 encodes
a type-VIII myosin (Fig. 3A and SI Appendix, Fig. S2A). Impor-
tantly, none of these myosins has an extended C-terminal coiled-coil
domain such as those that allow type-II myosins to form bipolar
filaments (65).
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Mitosis and furrow formation in wild type (ble-GFP & PMH1-Venus)
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*

Fig. 1. Live-cell observations of cleavage-furrow formation in Chlamydomonas.
(A) Wild-type cells expressing the plasma membrane ATPase PMH1 tagged
with mNG were synchronized using the 12L:12D/TAP agar method, mounted
on TAP + 1.5% low-melting agarose, and imaged over several hours at ∼25 °C.
Selected images are shown (times in minutes); the full series is presented in
Movies S1 and S2. (Top) The mNG fluorescence (YFP channel); (Bottom)
Differential-interference-contrast (DIC). Arrowheads, positions of the initial
appearance of furrow ingression visible in this focal plane in the anterior (1)
and posterior (2) poles of the cell. Asterisk, onset of second cleavage. (B) Wild-
type cells coexpressing PMH1-Venus and the nuclear marker ble-GFP were
imaged using a YFP filter set during growth on TAP medium at 26 °C. Cells at
different stages in mitosis and cytokinesis are shown. (Scale bars, 5 μm.)
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To ask whether any of these myosins might be involved in
cytokinesis, we expressed each protein in wild-type cells with
mNG-3FLAG or Venus-3FLAG fused at its C terminus; in each
case, the fusion protein was detected at or near the expected
molecular weight by Western blotting (SI Appendix, Fig. S2B). In
interphase cells, MYO1 was enriched in the perinuclear region
(Fig. 3 B, 1, and SI Appendix, Fig. S2 C, 4) in a pattern resem-
bling one aspect of F-actin localization as seen with the tagged
Lifeact probe (Fig. 2A, and SI Appendix, Fig. S2 C, 1). MYO2
also localized to the perinuclear region as well as to dots at the
cell-anterior region near the basal bodies (Fig. 3 B, 2, and SI
Appendix, Fig. S2 C, 7; ref. 62), again resembling aspects of
F-actin localization. MYO3 also localized to the cell-anterior
region, as well as to the cortex in the cell posterior (Fig. 3 B,
3, and SI Appendix, Fig. S2 C, 10). Importantly, in dividing cells,
none of the myosins showed any detectable association with the
cleavage furrow (Fig. 3 B, 4–6).
The similarity in localization of the myosins to that of F-actin

in interphase cells (see above) suggests that the tagged myosins
interact normally with actin. Further evidence for this conclusion
was obtained in experiments that exploited the Chlamydomonas
system for F-actin homeostasis (57, 63, 64, 66). In vegetative
wild-type cells, only the conventional actin IDA5 is expressed.
Exposure of cells to the F-actin-depolymerizing drug latrunculin
B (LatB) leads to a rapid disassembly of F-IDA5 (SI Appendix,
Fig. S2 C, 2), degradation of the monomeric IDA5, and upre-
gulation of the divergent actin NAP1, which provides actin
function by assembling into LatB-resistant filaments (SI Appen-
dix, Fig. S2 C, 3). Similarly, the localization signals for MYO1
and MYO3 were largely lost during a short incubation with LatB
but subsequently recovered (SI Appendix, Fig. S2 C, 4–6 and
10–12), suggesting that these tagged myosins can bind to both
F-IDA5 and F-NAP1. The perinuclear signal for MYO2 was also
sensitive to LatB but did not recover (SI Appendix, Fig. S2 C,
7–9; ref. 62), suggesting that this myosin binds only to F-IDA5.
Thus, although the current lack of null mutations for any of

the myosin genes precludes a definitive test of the function of the
tagged proteins, they at least localize as expected in an F-IDA5-

dependent or F-NAP1-dependent manner, so that their apparent
absence from the furrow region suggests that any function of
actin in furrowing does not involve the myosins (e.g., in some
type of noncanonical actomyosin ring).

Cleavage-Furrow Ingression in the Absence of F-Actin. To ask
whether actin (with or without myosin) plays a role in cleavage-
furrow formation, we took advantage of our prior isolation of a
null mutation (nap1-1) in the NAP1 gene (63). Because F-IDA5
is highly sensitive to LatB (see above; refs. 64 and 67), treatment
of a nap1-1 strain with the drug results in a rapid and seemingly
complete loss of F-actin, which is lethal (64, 67), indicating that
F-actin is directly or indirectly important for various cellular
processes in Chlamydomonas. The LatB-treated nap1-1 cells ap-
pear to cease growth and (probably as a consequence) DNA rep-
lication and cell-cycle progression. Thus, to evaluate a possible
specific role of actin in cytokinesis, we synchronized the cell cycle
of nap1-1 cells using a 12 h:12 h light:dark cycle that yielded
populations enriched in cells that were close to initiation of division
at the time of LatB application (52, 68). Under the conditions used,
the cells grew in size throughout the light phase, began to divide at
∼13 h (i.e., 1 h into the dark phase), and hatched out as small
daughter cells at ≤20 h (Fig. 4 A, Top). We then treated aliquots of
the culture with LatB at different times before and during the onset
of cytokinesis and examined the cells several hours later (Fig. 4 A,
Bottom). When LatB was added at ≤9 h, the cells ceased to grow in
size and never detectably initiated cytokinesis. Flow-cytometry
analysis in separate but similar experiments indicated that most
of these cells had arrested before DNA replication, as expected
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division
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Fig. 2. F-actin localization to the region of the cleavage furrow. Wild-type
cells expressing Lifeact-mNG were imaged; fluorescence (FL) and DIC images
are shown. Fluorescence images are presented with contrast inverted for
greater clarity. (A and C) Still images of (A) interphase and (C) dividing cells
grown on TAP medium at 26 °C. (B) Time-lapse images (as in Fig. 1A)
showing association of F-actin with the region of the cleavage furrow. Ar-
rowheads, ingressing furrows. (Scale bars, 5 μm.)
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Fig. 3. Lack of myosin localization to the region of the cleavage furrow. (A)
Domain structures of the three Chlamydomonas myosins; a typical type-II
myosin with a long coiled-coil tail (Drosophila Mhc2) is included for comparison.
Domains were predicted using the HMMER (hmmer.org) and COILS (119) pro-
grams; total numbers of amino acids are indicated. (B) Localization of fluo-
rescently taggedmyosins in interphase and dividing cells; cells were grown on TAP
medium at 26 °C. Fluorescence (FL) and DIC images are shown. (Scale bar, 5 μm.)
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(63). When LatB was added at 10 h, most cells remained round
and did not begin furrow formation, but a few formed what
appeared to be normal cleavage furrows (Fig. 4A, arrowhead) or
“notch”-like structures (Fig. 4A, arrow). A similar experiment using
cells expressing PMH1-Venus and ble-GFP indicated that the cells
with notches had not undergone mitosis (SI Appendix, Fig. S3 A,
Left). In contrast, when LatB was added at ≥11 h, many cells
appeared to have gone through two or more rounds of cleavage-
furrow ingression, forming clusters of four to eight cells, each of
which contained a nucleus (Fig. 4A, and SI Appendix, Fig. S3 A,
Right). In a separate but similar experiment, we noted a rough
positive correlation between the sizes of the undivided cells at the
time of LatB addition and their likelihood of subsequently forming
a furrow (SI Appendix, Fig. S3B), suggesting that there is either a
direct size requirement for cytokinesis or a requirement for some
size-correlated prerequisite cell-cycle event.
Although our prior work had suggested that LatB-treated

nap1-1 cells contained no residual F-actin, it seemed possible
that there might be a special population of drug-resistant filaments
in the cleavage-furrow region. However, no such filaments were
observed when time-lapse observations were made on LatB-
treated nap1-1 cells expressing Lifeact-mNG (Fig. 4B). More-
over, consistent with our prior observations indicating rapid pro-
teasomal degradation of LatB-depolymerized IDA5 (64), IDA5

was also largely or entirely degraded by the time such cells began
furrow formation (Fig. 4C).
Taken together, these results appear to establish that F-actin is

not required for cleavage-furrow formation in Chlamydomonas.

Reduced Efficiency of Furrow Ingression in Cells Lacking F-Actin. To
investigate the efficiency of cleavage-furrow formation in the ab-
sence of F-actin, we performed time-lapse microscopy on nap1-1
cells expressing PMH1-mNG. In the absence of LatB, furrow
formation in these cells proceeded to completion in 17 ± 4 min
(n = 12) (Fig. 5 A and C, 1, and SI Appendix, Fig. S3 C, 2, and
Movie S3), not significantly different from the rate in wild-type
cells (16 ± 3 min; n = 13) (Figs. 1 and 5 C, 1 and SI Appendix, Fig.
S3 C, 1). In contrast, in the presence of LatB, although the rates of
furrow ingression varied considerably in individual cells, they were
slower in all cells examined than in control cells even during the
early stages of furrow ingression, and more so during its later
stages (Fig. 5 B and C, 1 and 2, and SI Appendix, Fig. S3 C, 3). The
time gap between the formation of a small cell-anterior notch and
the detectable ingression of the medial furrow was expanded from
∼2 min in control cells to 5–15 min. Moreover, although the
medial furrow typically ingressed smoothly into about the middle
of the cell, the second notch at the cell-posterior end did not
appear normally at that time, and, in most cells, the medial furrow
stalled at that point for an extended period before eventually
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Cleavage-furrow formation with or without F-actin in a synchronized population

Fig. 4. Cleavage-furrow formation in the absence of F-actin. (A) (Top) The nap1-1 cells were synchronized using the 12L:12D/liquid TP method at 26 °C,
incubated for up to 20 h, and imaged at intervals. (Bottom) At the indicated times (red arrows), samples were plated on TAP agar containing 3 μM LatB,
incubated at 26 °C, and then imaged at 20 h (i.e., 8 h into the dark period). The percentages of cells with visible cleavage furrows are shown below the images.
(B) F-actin localization in nap1-1 cells with or without LatB treatment. The nap1-1 cells expressing Lifeact-mNG were synchronized using the 12L:12L/TAP agar
method at 26 °C, mounted on TAP + 1.5% low-melting agarose with or without 3 μM LatB, and observed during growth at 26 °C. Selected images are shown;
contrast is inverted for greater clarity. The LatB-treated cell had been incubated with the drug for ∼4.5 h before the first frame shown. Note that dispersion of
Lifeact-mNG into the entire cytoplasm contributed to the strong apparent background in these cells. (Scale bar, 5 μm.) (C) Rapid degradation of IDA5 upon
LatB addition to a synchronized culture. The nap1-1 cells were synchronized as in A, and the culture was split; 3 μM LatB was added to one culture at 11 h, and
samples were drawn at the indicated times and subjected to Western blotting using an anti-actin antibody. Thirty μg of total protein were loaded in each
lane. CBB, the membrane stained with Coomassie Brilliant Blue, shown as a loading control.
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Fig. 5. Slower cleavage-furrow ingression and delay in furrow completion in the absence of F-actin. (A) The nap1-1 cells expressing PMH1-mNG were
synchronized using the 12L:12D/TAP agar method and observed by time-lapse microscopy at 26 °C. The full series is presented in Movie S3. (Scale bar, 5 μm.)
(B) As in A except that 3 μM LatB was added 120 min to 160 min before the first frames shown. Selected images are shown to illustrate the different time
scales; full series are presented in Movies S4–S6. (Scale bar, 5 μm.) (C) Kinetics of furrow ingression in wild-type cells without LatB (Fig. 1A and Movie S2) and in
nap1-1 cells with or without 3 μM LatB. Data are from the experiments shown in A and B. (1) Distance of the leading edge of the medial furrow from the
opposite side of the cell as a function of time since the onset of furrow ingression (set at 0). Means and 95% CIs of 1,000×-bootstrapped locally estimated
scatterplot smoothing (LOESS) curves are shown (see Materials and Methods). The curves for individual cells are shown in SI Appendix, Fig. S3 C. (2) Times for
the furrow to reach 30% or 70% of the total distance across the cells. Because of mNG bleaching after prolonged time-lapse observations, cleavage times
were capped at 100 min for these analyses. Bars indicate means and SDs. Statistical analyses were performed using one-way ANOVA and Tukey’s post hoc
multiple comparisons (ns, not significant; ****P < 0.0001).
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appearing to complete its growth (10 of the 12 cells examined:
Fig. 5 B, 1, arrow and Movie S4) or regressing (one of the 12 cells
examined: Fig. 5 B, 2 and Movie S5). More rarely (one of the 12
cells examined), the furrow appeared to progress across the cell
without interruption (Fig. 5 B, 3 and Movie S6). In all cells ex-
amined, the daughter cells remained clustered without hatching,
and the fluorescence of PMH1-mNG became quite dim, making it
difficult to determine when (or whether) the plasma membranes
were fully resolved. Indeed, when the clusters of LatB-treated nap1-
1 cells (Fig. 4A) were treated with the cell-wall-digesting enzyme
autolysin, ∼5% of the cells remained connected by an intercellular
bridge between the pairs (SI Appendix, Fig. S3D). Taken together,
these results suggest that, although actin is not required for furrow
ingression per se, it plays some ancillary role(s) that facilitates the
early stages of furrowing and becomes more important during the
later stages of furrow ingression and/or abscission.

Association of MTs with the Cleavage Furrow in the Absence of
F-Actin. It has long been known that MTs are associated with
the cleavage furrows in Chlamydomonas (33, 50, 54). To ask
whether this association is maintained in the absence of F-actin,
we first tried, but failed, to visualize the furrow-associated MTs by
time-lapse imaging using a fluorescently tagged tubulin. However,
we had better results upon expressing an mNG-tagged version of
the plus-end-binding protein EB1 (69). In both wild-type cells and
nap1-1 cells not treated with LatB (Fig. 6A, 0 min and Movie S7),
EB1-mNG was concentrated in the basal body region of pre-
mitotic cells. When the cells entered mitosis, EB1-mNG dis-
appeared from the cell pole and appeared in the mitotic spindle
(Fig. 6A, 4 min to 6 min and Movie S7). After mitosis, the EB1-
mNG signal reappeared at the apical pole of the cell, from which it
moved into and across the cell body as the cleavage furrow formed
(Fig. 6A, 12 min to 14 min and Movie S7) and remained con-
centrated in the middle of the division plane after cytokinesis
(Fig. 6A, 20 min and Movie S7). Each daughter cell then formed
an EB1-labeled spindle in the region proximal to this site, and the
new furrows (as marked by EB1-mNG) grew outward from the
center of the cell to the surface (Fig. 6A, 44 min and 48 min, ar-
rows). In nap1-1 cells treated with LatB, EB1-mNG localization
was nearly normal during the first division (Fig. 6B, 0 min to
22 min and Movie S8), except for a slower-than-normal progres-
sion through the cytoplasm, consistent with the PMH1-mNG data
(see above). However, a fraction of the EB1-mNG appeared to
leave the division plane prematurely and form foci at the far sides
of the daughter cells (Fig. 6B, 58 min to 126 min, arrowheads),
suggesting a defect in polarity maintenance caused by the loss of
F-actin. Probably as a consequence, the spindles for the second
mitosis were positioned distal from the previous division plane,
and the cleavage furrows subsequently grew inward (Fig. 6B,

152 min to 164 min, arrows and Movie S8), although the locali-
zation of EB1-mNG, and thus presumably of both the spindle and
furrow-associated MTs, otherwise appeared essentially normal.
This preservation of nearly normal association of MTs with the
furrows is consistent with the hypothesis that the MTs are involved
in furrow ingression in both the presence and absence of F-actin.

Defective Chloroplast Division in Cells without F-Actin. The EB1-
mNG studies also revealed a possible cause of the delay in fur-
row completion in cells lacking F-actin. In normal Chlamydomonas
cells, the large, cup-shaped chloroplast is centered on the posterior
pole of the cell (Fig. 7A, 0 min), so that the organelle lies squarely
in the path of the ingressing cleavage furrow (53, 70). In control
cells, division of the chloroplast (as visualized by chlorophyll
autofluorescence) appeared to have occurred by the time the
furrow (or at least its associated EB1) reached the organelle
(Fig. 7A, 3 min, arrowhead), consistent with previous observations
suggesting that the chloroplast has a division machinery that is
independent of, although temporally and spatially coordinated
with, cleavage-furrow ingression (53, 70). In contrast, in cells
lacking F-actin, the furrow appeared to partially penetrate into the
undivided chloroplast over an extended period (Fig. 7B, 21 min to
111 min), before finally moving through a gap formed in the
chloroplast (Fig. 7B, arrowhead). These results suggest that effi-
cient chloroplast division requires F-actin, that coordination of
division between the cell and the plastid requires F-actin, or both,
and that the physical barrier posed by the undivided chloroplast
may explain the delay in furrow completion in cells lacking F-actin.

Discussion
Rate of Cleavage-Furrow Ingression. Both electron microscopy (33,
54, 71) and light microscopy on fixed cells (50, 72) had suggested
that Chlamydomonas divides by means of an asymmetrically
ingressing cleavage furrow (52), despite its lack of a type-II
myosin, and we confirmed this model by live-cell imaging using
a fluorescent plasma-membrane marker. The time-lapse imaging
also allowed us to determine the rate of furrow ingression. At its
maximum (∼0.85 μm/min; Fig. 5C), this rate is comparable to
those in small- to medium-sized cells that have type-II myosins
and form actomyosin rings at their furrow sites, such as S. pombe
[∼0.15 μm/min (28, 73, 74)], Neurospora crassa [1.3 μm/min to 3.2
μm/min (75)], and various mammalian somatic cells [3 μm/min to
4 μm/min (22, 76–79)]. Thus, the presence of a CAR is not
necessary to produce a rate of furrow ingression in this range.

Localization of F-Actin, but Not Myosin, to the Cleavage Furrow. Our
live-cell imaging also clarified the spatial relationships of the
furrow, F-actin, and the three Chlamydomonas myosins. Al-
though immunostaining had indicated that there was actin in the
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EB1-mNG in nap1-1, no LatB (time lapse)

EB1-mNG in nap1-1, +LatB (time lapse)

0’

0’

4’ 6’ 12’ 14’ 20’ 44’ 48’

4’ 6’ 22’ 58’ 126’ 152’ 164’

Fig. 6. Persistent association of MTs with cleavage furrows, but changes in polarity during the second division, in the absence of F-actin. The nap1-1 cells
expressing EB1-mNG to visualize MTs were synchronized using the 12L:12D/TAP agar method and observed by time-lapse microscopy at 26 °C. Selected images
are shown; full series are presented in Movies S7 and S8. (A) A cell not treated with LatB. (B) A cell treated with 3 μM LatB beginning ∼20 min before the first
frame shown. Arrowheads, aberrant foci of EB1-mNG at positions distal to the cleavage furrow in cells lacking F-actin; arrows, the directions of furrowing
during the second division of each cell. (Scale bars, 5 μm.)
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furrow region (48, 50, 66), it was not clear whether this actin was
in filamentous form (48). However, imaging of cells expressing
the F-actin-specific probe Lifeact showed clearly that F-actin is
associated with the furrow during most or all of the period of
furrow ingression. In contrast, although a previous report had
suggested (based on immunostaining with an antibody to Dic-
tyostelium type-II myosin) that myosin is also localized to the
furrow region (50), fluorescence tagging of the three Chlamy-
domonas myosins (two type XI and one type VIII) showed no
association with this region. Although this conclusion is subject
to the caveat that we do not yet have definitive evidence that the
tagged myosins are fully functional (see Results), the likelihood
of a myosin role in Chlamydomonas furrow formation is also
reduced by our finding that F-actin itself is not essential for this
process.

Cleavage-Furrow Ingression without F-Actin. Despite the apparent
absence of myosins from the furrow region in Chlamydomonas, it
seemed possible that the F-actin there might play an essential
role in furrow formation. However, when we used a combination
of a mutation (to eliminate the drug-resistant actin NAP1) and a
drug (to depolymerize the drug-sensitive actin IDA5), the cells
were still able to form cleavage furrows and divide. It seemed
possible that a population of drug-resistant IDA5 filaments
might remain specifically in the cleavage furrow. However, we
could detect no such filaments by Lifeact staining. Moreover,
Western blotting revealed that, as observed previously in asyn-
chronous cells (64), depolymerization of F-IDA5 in dividing cells
was followed quickly by degradation of IDA5 itself. Taken to-
gether, our results appear to establish that the actin cytoskeleton
does not play a principal role in generating the force for
cleavage-furrow ingression in Chlamydomonas.
Nonetheless, several observations also indicate that actin does

contribute significantly to cytokinesis in Chlamydomonas. First,

in the absence of F-actin, the rate of early furrow ingression was
approximately twofold slower than normal. It seems possible that
actin forms a contractile structure, not dependent on myosin,
that contributes some force for furrow ingression, that it is
necessary for the trafficking of Golgi-derived vesicles that ulti-
mately provide the new cell surface material for the growing
furrow, or that it has some other unknown role. Second, the last
∼30% of cleavage was slowed even more (fivefold or more), and
some cells appeared to fail (or at least have long delays in) the
final abscission of the daughters. In addition, EB1-mNG signal
disappeared prematurely from the furrow region when F-actin
was missing, presumably reflecting a failure to maintain MT
organization during the final phase of cleavage. Finally, the di-
rections of the second cleavages were inverted, probably because
the polarities of the two daughter cells produced by the first
cleavage were also inverted. The precise mechanisms by which
F-actin facilitates cytokinesis are not yet clear, but the observed
slowness of late furrow ingression in its absence appears to be
due, at least in part, to a delay in chloroplast division (see be-
low). Taken together, our findings also highlight the value of
using Chlamydomonas to explore non-CAR-related roles of the
actin cytoskeleton in cytokinesis.

An Apparent Role for F-Actin in Chloroplast Division. In most cells
lacking F-actin, there was a delay in chloroplast division of ≥120
min. This observation was surprising, because, despite early re-
ports of an actin role in plastid division in both charophyte and
red algae (80, 81), no such role has been recognized (to our
knowledge) in plants or other organisms. As the Chlamydomonas
chloroplast lies directly in the path of the ingressing cleavage
furrow, the delay in chloroplast division may explain much or all
of the delay also seen in furrow completion in these cells. Al-
though we cannot currently test this model due to the lack of a
method for clearing the chloroplast from the division path, a
similar apparent obstruction of cytokinesis by an undivided chlo-
roplast was observed after expression of a dominant-negative
dynamin mutant in the red microalga Cyanidioschyzon merolae
(82). Most other unicellular algae also contain only one or a few
chloroplasts, whose division must presumably be coordinated both
temporally and spatially (i.e., division in the same plane) with that
of the cell. The temporal coordination is achieved, at least in part,
by cell cycle control of the expression of the proteins (such as FtsZ
and dynamin) directly involved in chloroplast division (68, 83).
However, the spatial coordination seems to require a local,
structure-based signal. Our results suggest that the furrow-
associated F-actin may provide this spatial cue to the chloroplast
division machinery and, in so doing, might also dictate the precise
timing of its action.

Possible Role for MTs in Cleavage-Furrow Formation. It has long
been thought that MTs may be involved in cleavage-furrow po-
sitioning and/or ingression in Chlamydomonas. Electron mi-
croscopy and immunofluorescence studies have shown that two
of the four “rootlet” MTs that run from the basal body along the
cortex align with the division plane (like the preprophase band in
plant cells), while an array of many MTs, the “phycoplast,” runs
along the developing furrow (33, 50, 54–56). Moreover, phar-
macological or genetic disruption of the MTs appears to inhibit
cytokinesis (50). Our observations on cells expressing a fluo-
rescently tagged EB1 protein have now added the information
that dynamic MTs are associated with the furrow throughout its
ingression and that this association is maintained even in the
absence of F-actin. Thus, it seems likely that the MTs have a
direct, actin-independent role in promoting furrow ingression,
possibly by guiding the deposition of new plasma membrane and
extracellular matrix/cell wall in the growing furrow as they do in
plant cell phragmoplasts. Because studies of cell wall composi-
tion and biogenesis in Chlamydomonas have mostly been done
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Fig. 7. Delayed chloroplast division in the absence of F-actin. Chlorophyll
autofluorescence and EB1-mNG fluorescence (to visualize the ingressing
cleavage furrow) are shown in a nap1-1 cell not treated with LatB (A) and a
nap1-1 cell treated with 3 μM LatB beginning ∼20 min before the first frame
shown (B). Cells had been synchronized prior to imaging using the 12L:12D/
TAP agar method. Arrowheads, times of apparent completion of chloroplast
division. (Scale bars, 5 μm.)
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on nondividing cells (84), little is known about how extracellular
matrix/cell wall assembly might be regulated during cytokinesis.
Testing this postulated MT role and elucidating the mechanisms
involved will be major goals of future studies.

Cytokinesis in Phylogenetic and Evolutionary Perspective. Our study
also sheds some light on the evolutionary origins and underlying
basal mechanisms of eukaryotic cytokinesis. The wide phyloge-
netic distribution of division by cleavage-furrow ingression, to-
gether with the near-universal absence of myosin-II outside the
unikonts, had already made clear that a conventional CAR
model cannot account generally for furrow formation. Moreover,
we have shown here that even F-actin is not essential for the
formation of cleavage furrows in Chlamydomonas. This obser-
vation has some precedents and parallels. Even within the uni-
konts, it is clear that F-actin is not always essential for furrow
ingression (10, 19, 28, 85–87), and this may be the rule, rather
than the exception, in non-unikonts. For example, in the ciliate
Tetrahymena pyriformis, latrunculin A did not block cell division,
despite a loss of F-actin and a consequent disruption of actin-
dependent processes such as food-vacuole formation (41); in the
Diplomonad parasite Giardia lamblia, which has one actin but no
myosin (40), furrowing occurred efficiently when actin expres-
sion was knocked down with a morpholino (88), although the
cells were delayed in abscission; and, in the red alga C. merolae,
which also has no myosin, cells divide by furrowing, even though
actin is not expressed under normal growth conditions (89).
Taken together, these and related observations suggest that, in
the earliest eukaryotes, the last eukaryotic common ancestor
(LECA), and most branches of the modern eukaryotic phylog-
eny, actin and myosin are not primarily responsible for the force
that produces cleavage-furrow ingression. Moreover, as prom-
inent roles for actin and myosin evolved in the unikonts, the
underlying ancestral mechanisms for driving furrow ingression
may have remained in place, accounting for at least some of the
cases in which unikonts form furrows without their normal
CARs.
In thinking about these ancestral mechanisms, it should be

instructive to consider the mechanisms of cytokinesis in modern
prokaryotes. Nearly all bacteria divide using a furrowing mech-
anism in which the tubulin-like FtsZ plays a central role (90–95);
an FtsZ-dependent mechanism appears to be used by many ar-
chaea as well (96–99). Thus, the immediate prokaryotic ancestor
of the first eukaryotes probably also divided by such a mecha-
nism. Current information about FtsZ action suggests that it
functions both to bend the inner membrane and to organize the
symmetric deposition of cell wall, which drives in the membrane
to produce the division furrow (91, 92, 94, 95, 100). Thus, if an
ancient FtsZ was the evolutionary progenitor of modern tubulin,
the major role of MTs in cleavage-furrow formation in distantly
related modern eukaryotes such as Chlamydomonas, G. lamblia
(88), Penium margaritaceum (101), Trypanosoma brucei (102),
Tetrahymena thermophila (103), and Toxoplasma gondii (104)
may reflect the persistence of an ancient mechanism for adding
cell-surface material to form a furrow. The same interpretation
might apply even to the association of parallel arrays of MTs with
cleavage furrows observed in some animal cells [e.g., embryos of
Xenopus (105, 106), zebrafish (107), and Drosophila (108)] or to
the MTs of the midbody during abscission in metazoan cells (30);
in most or all of these cases, the MTs appear to play an im-
portant role in targeting vesicles containing new membrane to
the furrow. In any case, the hypothesis of a primordial role for
MTs in eukaryotic cytokinesis seems to make it easier to un-
derstand the central role of MTs in cytokinesis in modern plants,
where both the preprophase band (which marks the future di-
vision plane) and the phragmoplast (which organizes the cen-
trifugal deposition of new cell membrane and cell wall by fusion
of post-Golgi vesicles) are MT based (29, 31, 32).

At the same time, it should also be noted that there is now
good evidence that the prokaryotic ancestor of modern eukaryotes
also had an actin-like protein (109, 110), and there is even some
evidence that this protein might have been associated with division
sites (111) despite the lack of evidence for any myosin in such
organisms. Thus, the association of actin with the furrow regions
both in Chlamydomonas and in many other eukaryotes without a
myosin II may also be a conserved primordial trait. In this regard,
it is interesting that the Escherichia coli actin-like protein FtsA
serves as an anchor between the membrane and FtsZ during cy-
tokinesis (95, 112). Moreover, the preprophase band in plants
involves actin as well as MTs, conceivably reflecting an earlier
stage in plant evolution in which MTs and actin functioned to-
gether to bring about ingression of a furrow (113). If both the
division mechanisms of modern plants and those of modern uni-
konts evolved from such an ancestral state (by recruitment of in-
tracellular MTs to form the phragmoplast in plants and by
reduction of the MT role in furrow formation in favor of an ac-
tomyosin system in unikonts), then continuing studies of Chla-
mydomonas should help to elucidate both of these evolutionary
paths as well as both of the modern mechanisms.
In summary, we suggest that a full understanding of eukaryotic

cytokinesis, even in the intensively studied animal cells, will re-
main elusive unless a greater effort is made to incorporate the
lessons about the evolution of this process that can be learned by
studying it in the full diversity of modern eukaryotes.

Materials and Methods
Strains and Growth Conditions. C. reinhardtii wild-type strains CC-124 (mt–)
and iso10 (mt+, congenic to CC-124) were the parental strains. The nap1-1
mutant had previously been isolated and backcrossed three times in the CC-
124 background (63). The ble-GFP and PMH1-Venus strains are progeny of
previously established transgenic strains (59, 60, 114).

Routine cell culture was done in Tris-acetate-phosphate (TAP) medium
(115) at ∼26 °C under constant illumination at 50–100 μmol photons·m−2·s−1.
The same medium without acetate (TP) was used in one method for cell cycle
synchronization (see below). Except for synchronized cultures, liquid cultures
were in exponential phase when experiments were performed. LatB was
purchased from Adipogen (AG-CN2-0031, Lots A00143/I and A00143/J), and
dilutions into TAP or TP medium were made from a 10-mM stock in dimethyl
sulfoxide.

Cell Cycle Synchronization. Three different methods were used for cell cycle
synchronization in this study: 1) The 12L:12D/liquid TPmethodwas essentially
as described by Fang et al. (116) except that TP medium at 26 °C was used in
place of high-salt medium; 2) the 12L:12D/TAP agar method was as described
previously (117), except that it was carried out at 26 °C; and 3) the −N
method was exactly as described previously using a combination of 21 °C and
33 °C (118). Although overall synchrony and the timing of mitosis and cyto-
kinesis as determined bymicroscopic examination varied slightly depending on
the method, we observed no significant qualitative or quantitative difference
in the cells’ response to F-actin perturbation introduced by LatB addition be-
fore the onset of cytokinesis.

Other Methods. SI Appendix, Supplementary Materials and Methods includes
information on genetic analysis, plasmids and transformation, light micros-
copy, Western blotting, and phylogenetic analysis.

Data Availability. All data for this paper are provided in the main text,
SI Appendix, or Movies S1–S8.
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