Cell Motility and the Cytoskeleton 38:373-384 (1997)

Relationship of Actin, Microtubules,
and Crosswall Synthesis During
Septation in Aspergillus nidulans
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Studies of cytokinesis in animal cells demonstrate that microtubules play an
important role in signaling the position of the actin-containing contractile ring and
subsequent formation of the cleavage furrow. Septation in several fungi closely
resembles animal cell cytokinesis in that a circumferential ring of actin is visible at
the incipient division site. However, this does not necessarily mean that division is
contractile since actin may also serve to localize septal wall synthesis. In addition,
several studies in fission yeast have suggested that microtubules are dispensable
for actin ring formation. We have used synchronized cells and fluorescence
microscopy to follow actin structures, nuclear division and septal wall synthesis
during septation ilspergillus nidulansOur data suggest that actin first appears at
the septum site as a circumferential ring and that it later broadens and invaginates,
forming an hourglass-shaped structure coincident with septal cell wall synthesis.
Depolymerization of microtubules early in septation prevents circumferen-
tial actin ring formation. Depolymerization of microtubules after circumferential
actin ring formation blocks both the progression to invaginating bands and septal
wall synthesis. In contrast to studies in yeast cells, our data suggest that
microtubules are required for both the initiation and progression of septatin in
nidulans.Cell Motil. Cytoskeleton 38:373-384, 1997 © 1997 Wiley-Liss, Inc.

Key words: cytokinesis; chitin; mitotic spindle; filamentous fungi

INTRODUCTION and involves the recruitment of actin, in the form of a

Cvtokinesis in eukarvotic cells requires cvioskelet clircumferential ring, to the incipient division site. How-
y y q y @ver, there is no evidence that microtubules are important

elements and occurs through one of two basic mecP}gf signaling actin ring formation in fungi

nisms. The parent cell may be partitioned through the £ nqiyse both contractile and noncontractile mecha-
contraction of cytoskeletal elements, as is typically segfsms for cell division. The fission yeaSichizosaccharo-

in animal cells. Alternatively, the parent cell may b‘Pnyces pombeppears to use a contractile mechanism for
partitioned through the localized deposition of cell walte|| division [reviewed by Simanis, 1995]. Actin appears

material guided by cytoskeletal elements, as is typically

seenin plant cells. In animal cells, a band containing actin

and other proteins constricts inward from the periphergpntract grant sponsor: NIH
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as a thin circumferential ring over the premitotic nucleUdsukamoto et al., 1996] though, again, the exact role of
[Marks and Hyams, 1985; Chang et al., 1996]. Near tteetin is unclear.

end of mitosis, the actin staining condenses into a series Genetic and molecular studies have also been
of medial spots [Marks and Hyams, 1985] and septal wallitiated on septation in the multicellular filamentous
material is deposited. During wall deposition, an actiffungus,Aspergillus nidulangMorris, 1976; Harris et al.,
containing invagination can be seen [Chang et al., 1998P94; Momany et al., 1995]. During the germination of
suggesting constriction of the plasma membrane may ¥ uninucleate conidia oA. nidulans,two to three
taking place. A constricting actin ring can be clearly se¢@unds of mitosis occur in the absence of cytokinesis. A
in the related yeass. japonicugAlfa and Hyams, 1990; Septum is generally formed after the third round of
Jochovia et al., 1991]. These findings, and the localizatiGiyclear divison (8-nuclei stage). The inability to septate
of tropomyosin at the division site [Balasubramanian & €arlier divisions appears to be due to a control
al., 1992], suggest that division occurs through tH@echanls_m that prevents cytokinesis until germlings
formation of a constricting actin ring. Studies witHeach acrlt_lcal threshol_d size [WoIkow_e_t {_:\I., 1996].After
B-tubulin mutants demonstrate that an intact mitotig1e formation of the first septum, dividing nuclei are

spindle is not required for the localization of the circum(—}lc.’u.n.OI n t'f Ife” ((:jotr)npartmentsf andt e;_wavs of ngclear
ferential actin ring during septation 1 pombgChang et ivision is followed by a wave of septation [Rosenberger

al., 1996]. However, recently it has been shown that tqtgg 6|]<ess'ze![’zat1ic?r??s; g;ugi:jbeunikd 109n7?h;eFI?gc):/e3?|$ Trrrlli?gls,is
later stages of septum assembly $n pombemay be - >€P P P P 9

. . : nd a band of actin can be localized to the incipient
controlled by the mitotic checkpoint that governs Spmdﬁivision site. Cytochalasin A reversibly blocks septum

assem_bly. Depolymerlzatl_on of mlcrotqbules bIoc_k; .thf%rmation suggesting that actin is required for septation
formation of a septum during synchronized cell divisio arris et al., 1994]

[Myrone and Simanis, 1996]. and genes implicated inthe =, this study we have investigated the dynamics of
spindle assembly checkpoint are required to preveé%

hedul _ Kh | tin and cell wall accumulation at the division site and
unscheduled septation events [Fankhauser et al., 1935 1g1e of microtubules in septation. Using synchronized
Murone and Simanis, 1996].

i o cells and fluorescent microscopy, we show that actin first
The budding yeasSaccharomyces cerevisiah- gnnears as a circumferential ring either over or near a

pears to use a noncontractile mechanism for septatigfycleus. As septation proceeds, actin forms an invaginat-

Early in the cell cycle a ring of chitin appears at the futurhalg band with cell wall deposition occurring in the wake

site of septation and bud growth takes place through thj furrow of the band. Time course studies with the

r|ng. After nuclear Sepal’atlon, a d|SC Of Ch|t|n form$n|crotubu|e depolymer|z|ng drug, benomyl, provide evi_

within the ring to become the primary septum [reviewegence that irA. nidulansthere is a persistent requirement

by Bulawa, 1993]. Actin is seen as a collection of dots @br microtubules for actin ring formation, invagination,

patches at the neck during formation of the chitin ring anghd septal wall synthesis. These findings support a role

again later as the chitin disk is made [reviewed by Leyér the mitotic spindle in septum formation and progres-

and Reed, 1995]. Rather than acting as a constricting rirgon and are consistent with cytokinesis models devel-

actin is thought to guide vesicles bearing cell wabped in cultured animal cells where microtubules are

material to the growing bud. continuously required for cleavage furrow formation
The mechanism of cytokinesis in multicellulajWheatley and Wang, 1996].

filamentous fungi is less clear. Though these fungi

partition their cytoplasm through septa, the septa are

never digested. Thus, the “daughters” never separate.'Yf’ﬁTER'A'-S AND METHODS

addition, many fungal septa have pores allowing somfespergillus Strains and Growth Methods

cytoplasmic continuity between compartments [reviewed  Eor electron microscopy, wild-type strain A28
by Bracker, 1967; Gull 1978]. Microfilaments associateeGSC) was grown for 48 hours at 37°C on cellulose
with septum formation have been reported in a feywembranes overlaid on complete agar medium (1%
filamentous fungi [Girbardt, 1979; Hoch and Howardglucose, 0.2% peptone, 0.1% yeast extract, 0.1% casamino
1980; Roberson, 1992]. In other cases, high concentggids, nitrate salts, trace elements, and 0.01% vitamins,
tions of actin have been found at the sites where septa gl 6.5). Trace elements, vitamins, nitrate salts, and
form, but no evidence for contraction has been reportgehino acid supplements are described in the appendix to
[Runeberg and Raudaskoski, 1986; Butt and Heath, 1988ifer [1977]. BEN13 (biAl, AcrAl, benA15) was the
Salo et al., 1989; Tanabe and Kamada, 1994]. Recentjjft of Berl Oakley (Ohio State University). For all other
presumed actin mutants of the basidiomyc@tgprinus experiments, diploid strain A852 (biAlargB::trpQ\B;
cinereushave been shown to be unable to make septeethG1; veAl trpC801/pabaAl yA2AargB::trpQAB;



Septation in A. nidulans 375

veAl trpC801) was used. Ten ml complete liquid mediufABLE I. Effect of Microtubule Depolymerization on the
supplemented with arginine was inoculated with x5 Progression of Septation

10* conidia/ml, poured into a Petri dish containing glassme Ring %
coverslips, and incubated at 30°C. (hours) Ben b compositios Germlings

11 - 100 A 30

Staining and Microscopy 11 - 100 c 22

14 - 100 A 52

For electron microscopy, cultures were fixed in 2%4 - 100 C 96

sodium cacodylate-buffered gluteraldehyde (pH 7.2)4 + 188 é é?;

+

postfixed in 2% osmium tetroxide and 1% uranyl acetate,
washed in a graded acetone series, and embeddedGermlings were incubated for 11 hours, treated with benomyl,
Spurr’s low viscosity resin. After thin sectioning Samp|e'§|cubated for another 3 hours, and then fixed and stained. Germlings

. . . . re scored either for the presence or absence of actin rings or for the
were stained with lead citrate. Micrographs were taken ?ﬁseme or absence of chitin rings.

a Philips 200 electron microscope. For all other expetsen, henomyl; 100 wl of 1 mg/ml benomy! dissolved in ethanol was
ments, cultures were fixed in 3.7% formaldehyde, staineflided to experimental samples)(for a final concentration of 10
and photographed as described by Harris et al. [1991q/m|. One hundred_ pl of ethanol was added to negative contrgls (
except that Kodak P3200 film was used. An anti-actf} P00 M ORORSSOREd re category in
r_nonOdonal antlbOdy,(AmerSham N350, Amersham, A(ﬁ(’ase ex’per’imentsy. Based on the data in Figure 2,pat least sor?'le )(/)f the
lington Heights, IL) with a FITC-coupled mouse secondings probably contained both.

ary antibody (Sigma, St. Louis, MO) was used to detect

actin. Calcofluor (a gift of American Cyanamid, Wayne,

NJ) and Hoechst 33258 (Sigma) were used to stain ffitotic Block Experiments

chitin and nuclei, respectively. Confocal microscopy was

on a BioRad MRC-1000. For mitotic block time course experiments (Fig. 5),

after 11 hours incubation at 30°C, 100 pl of 1 mg/ml
benomyl (a gift of the Dupont Company, Wilmington,

Septal Counts DE) in ethanol was added per 10 ml culture for a final

For septal time course experiments (Figs. 2 and $pncentration of 10 pg/ml. A volume of 100 pl of ethanol
50-100 hyphal rings were scored for the presence was added to controls. Cultures were then incubated for
actin, actin and chitin, or chitin alone at each time poinan additional 0.5, 1, or 3 hours before hyphal rings were
To ensure that the lack of an actin ring was not due to pogeored for the presence of actin, actin and chitin, or chitin
staining, only data points from germlings that showeas described for septal count experiments above. All
punctate cytoplasmic actin staining along the entigxperiments were repeated three times with essentially
hypha were counted. To avoid erroneously countirigentical results. Data sets for typical experiments are
punctate cytoplasmic actin as circumferential rings, onfgported.
actin which clearly spanned the entire width of the hyp
was counted as a ring. At the 11- and 12-hour time poi
there was usually no more than one septum per germling.  Flanking nuclear morphology and position were
By the later time points two or three septa could be seegcorded for each ring containing only actin and for
in a single germling. All experiments were repeated thré—100 rings containing actin and chitin or chitin alone
times with essentially identical results. Data sets farsing the same slides as for Figure 5. Elongated nuclei
typical experiments are reported. with dark spots (nucleoli) were counted as being in

For the data in Table I, 100 germlings were countddterphase (I). Condensed nuclei with no visible nucleoli
for each time point and condition. As above, onlyvere counted as in mitosis (M). Position relative to rings
germlings that showed punctate cytoplasmic actin staiwas designated as 1 if the ring bisected the nucleus or as 2
ing along the entire germling were counted. Each gerrif-the ring was flanked by nuclei. No repeatable differ-
ling was scored for the presence of an actin ring, a chitgnces in septal position relative to nuclei were seen at
ring, or no ring. Experiments were repeated twice witdlifferent time points (data not shown). Table Il is a
essentially identical results. Data sets for typical expegompilation of data from all time points used in Figure 5.
ments are reported. The high number of rings staining for
chitin in the earliest time point probably indicates &gq ) 15
slightly longer incubation (11 hours, 15 minutes) relative
to Figures 2 and 5. Because experimental and conttdf
samples were processed in parallel, this slight offset does Ultrastructural studies of the specialized, thick
not affect the interpretation. septa that delimit asexual reproductive structure\.in

rﬁ%ptal Position Counts

rastructure of the Septum
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TABLE Il. Effect of Microtubule Depolymerization on Septum the septa_l pore were the membrane-bound organelles
Positior? (Woronin bodies) thought to plug the pore after injury to
Ring adjacent hyphal compartments [Richle and Alexander,

composition BerP n° M-1 M-2 -1 -2 M2 1965; Collinge et al., 1978].

A - 199 14% 19% 1% 66% 0% , ) . o
A + 223 30 31 3 36 o Temporal Relationship of Actin and Chitin in

A+C - 100 O 0 0 100 0  Septum Development

A+ Cd + 2% 0 0 0 100 0 . .

c ~ 100 0 1 o 81 18 ~ The presence of septa is generally detected either by
C + 5 0 30 0 52 18 a visible crosswall seen by brightfield optics or by

*Cells were incubated, fixed and stained as in Table I. Morphology ar%aICOﬂuor_Stammg mate”_al See_n by ﬂuorescence_ MICros-
position of nuclei near hyphal rings was scored. Elongated nuclei wét@PY- Calcofluor is a brightening agent that binds to
counted as interphase (I). Condensed nuclei were counted as mitftiegal cell wall polymers containin@-linked glucans
(M). Position relative to rings was designated as 1 if the ring bisecteghd chitin [Maeda_ and Isida, 1967]_ Hereafter, we refer to
th_ n'léCIe|utS' or as _Zif t:‘e ””gl Wals_f'a"kec‘f_by “‘:_C'Ei- No Co”e'a;iﬁ” 2l Calcofluor-staining material as chitin or as septal wall
Individual time points 1o nuclear/ring contiguration was seen. ere- . . P .
fore, data from several time points wgere co%piled for this table. Taterial. Pre\“ous work had Show,n, that aCt!n is required
aA, actin: A+ C, actin+ chitin: C, chitin. for septation and that actin and chitin sometimes colocal-
bBen, benomyl; 100 pl of 1 mg/ml benomyl dissolved in ethanol waige at the septum ii. nidulans[Harris et al., 1994]. To
added to experimental samples)(for a final concentration of 10 find out when actin and chitin appear in septum forma-
Hg/ml. One hundred wl of ethanol was added to negative contrdls (- tjon, wild-type conidia were inoculated onto coverslips in
d'r&’c?iﬂr}]nbﬁ;g;T}é?;‘?;irr']?_gs scored. complete medium and allowed to germinate. At hourly
<Chitin in ring rare for benomyl-treated samples. intervals, germlings were fixed and stained with an
anti-actin monoclonal antibody, Calcofluor, and the dye
Hoescht 33258 to visualize actin, chitin, and nuclei,
respectively (Fig. 2). Under conditions employed in this
study, the 11-hour time point corresponds to the eight-
nuclei stage when the first chitin rings are appearing.
Germlings grown for 10 hours showed neither actin nor
chitin rings (data not shown). At 11 hours the majority of
rings contained only actin. One hour later the majority of
rings contained both actin and chitin. By the latest time
point (16 hours) most rings contained only chitin.

Spatial Relationship of Actin and Chitin in
Septum Development

Figure 3 shows micrographs representing progres-
sive stages in septum formation. In early stages (Fig.
Fig. 1. Ultrastructure of the septum. A mature septunispergillus 3A-C), actin r'_ngs were faint, sometimes _p_unCtate’ and
nidulanswas viewed by transmission electron microscopy. The septufP@nned the width of the hyphal cell. In addition, punctate
has a trilaminar appearance and is surrounded by the plasma m@atin staining persisted in the cytoplasm and actin re-
brane. pm denotes plasma membrane; w denotes cell wall; p dengigsined concentrated at the tips of growing germlings
septal pore; ps denotes primary septum; wb denotes Woronin Bofiata not shown). The actin rings were sometimes located
Scale bar= 0.25 pm. o . . .

over mitotic nuclei (Fig. 3A) and sometimes between

mitotic or interphase nuclei (Fig. 3B and C). Occasionally
nidulanshave been published [Mims et al., 1988; Sewathore than one faint ring could be seen along the length of
et al.,, 1990]. However, we could find no published single hypha (data not shown). No chitin was detected.
electron micrographs of the septa that partition vegeta later stages of septum formation (Fig. 3D-J), actin
tively growing hyphae ofA. nidulans.Therefore, mature staining was more intense and chitin rings were clearly
A. nidulanssepta were examined by electron microscopyisible. Actin appeared as a broad band with a constric-
(Fig. 1). As has been previously noted for closely relatdtbn in the middle, giving an hourglass shape (Fig. 3F-I).
fungi [reviewed by Bracker, 1967; Hunsley and Goodail;he chitin ring appeared to be located circumferentially
1974, Gull, 1978], we observed that mature septa ffom to the actin-rich constriction. The chitin ring generally
nidulans have a central pore and are made of thremppeared to increase in thickness as the actin-rich constric-
well-defined layers. They are separated from the cytten became smaller (Fig. 3H and J). Detection of this
plasm by the plasma membrane. Closely associated witlickening of the chitin ring sometimes required viewing
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Fig. 2. Temporal order of septum development. Conidia (asexual spores) were inoculated into complete
medium and incubated at 30°C. At hourly intervals, germlings were fixed and stained to localize actin,
chitin, and nuclei. The 11-hour time point represents the eight-nuclei stage, the time of the appearance of
the first septa. The presence of actin and/or chitin was scored in 50-100 hyphal rings.

through several focal planes and so is not obvious in #fie first chitin rings (11 hours) and then treated with the
micrographs (data not shown). In the final stages ahtimicrotubule drug benomyl. Benomyl depolymerizes
septum formation, the chitin ring was present without amicrotubules, blocking nuclei in mitosis while germling
actin ring or band (Fig. 3K, L). In many cases, a regiogrowth continues [Orr and Rosenberger, 1976; Sheir-
with no cytoplasmic actin staining was seen immediateNeiss et al., 1978; Oakley and Morris, 1980]. After 0.5, 1
adjacent to the chitin ring (Fig. 3L). Confocal microscopynd 3 hours incubation in benomyl, ring composition and
confirmed the hourglass pattern of actin staining (Fig. #éuclear condition were scored (Fig. 5).

and revealed a higher concentration of actin at the leading We anticipated three possible outcomes of destabi-
edge of the central invagination. Confocal examination &izing microtubules in septating germlings: (1) if microtu-
germlings stained for both actin and chitin also confirmdaliles have no role in septation, we expected benomyl
the location of the chitin ring circumferential to the actiwould have no effect on circumferential actin ring

constriction (data not shown). formation, invagination, or septal wall deposition. In this
. . . case, the number of circumferential actin rings (A),
Role of Microtubules in Septation invaginating actin rings with chitin (A- C), and chitin

Previous work has shown that septation An rings (C) would increase over time after benomyl treat-
nidulansrequires a mitotic division after a requisite sizenent in the same manner as untreated controls; (2) if
is reached [Harris et al., 1994; Wolkow et al., 1996]Aln microtubules are required for the initiation of septation,
nidulans,nuclear condition can be determined by phadsit not its progression, we expected the number of
microscopy or fluorescence microscopy after stainirgircumferential actin rings (A) would decrease after
with DAPI or Hoescht’s. Interphase nuclei appear elofenomyl treatment relative to controls, but that circumfer-
gated with visible nucleoli while mitotic nuclei are muclential actin rings already formed at the time of benomyl
smaller and have no visible nucleoli [Clutterbuck, 197@&ddition would progress to invaginating actin rings with
Orr and Rosenberger, 1976]. To investigate the relatiochitin (A + C) and to chitin rings (C), as in untreated
ship of actin and chitin ring formation to mitosis,controls; and (3) if microtubules are required only for the
germlings were grown to the point of the appearance pfogression of septation, but not its initiation, we ex-
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ACTIN CHITIN+NUC ACTIN CHITIN+NUC ACTIN CHITIN+NUC

Fig. 3. Stages in septum development. Micrographs representingerphase nuclei@). The actin ring becomes more prominent and
various stages in septum formation were assembled in the presurtel chitin ring becomes visibledd( E). Actin pinches inward as the
temporal order. Left and right panels show the same lgdtlpanels, chitin ring thickens F-J). The actin ring disappears leaving a disk of
actin localizationyight panels, chitin and nuclear localization. The chitin at the septumkK). Cytoplasmic actin is displaced away from
early actin ring is faintly visible: over a mitotic nucleus)( between the septum, possibly by secondary wall growth.(Scale bar=
mitotic nuclei B, only one nucleus is in field of view); and between5 pum.

pected that after addition of benomyl, the number of circurhad mitotic nuclei after 3 hours incubation. At 14 hours,
ferential actin rings (A) would be the same or higher, butnly 22% of rings in controls stained for actin alone. The
invaginating actin rings with chitin (A C) and chitin rings remaining 78% stained for chitin (Fig. 5A). In contrast,
(C) would be lower relative to untreated controls. 66% of rings in benomyl-treated cultures stained for actin
In control cultures, 4-9% of germlings containe@lone and only 34% stained for chitin (Fig. 5B). This
mitotic nuclei at all time points. As expected, in benomylincrease in the percentage of actin-staining rings and
treated cultures the number of germlings containindecrease in the percentage of chitin-staining rings could
mitotic nuclei rose rapidly: 40-50% of germlings hadhave resulted from either a rise in the number of actin
mitotic nuclei after a half-hour incubation and 58-74%ings or a drop in the number of chitin rings in the
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Fig. 4. Actin at the septum by confocal microscopy. Actin in a developing septum (hourglass stage) was
viewed by confocal microscopy. A medial section is shown. Scale=tapm.

population. To distinguish these possibilities, we countgubrcentages of actin rings bisecting a mitotic nucleus or
actin rings and chitin rings as a percentage of the toti#nked by mitotic nuclei rose. However, rings staining
number of germlings (rather than as a percentage of ttoe both actin and chitin were always found between
total number of rings) in control and benomyl-treatethterphase nuclei, even after benomyl treatment (I-2). In
cultures (Table 1). After 3 hours incubation (14 hourthe benomyl-treated cultures, the actin staining was faint
postinoculation), half the germlings in untreated controlnd never showed the hourglass shape. Thus, compro-
were initiating the synthesis of new septa$A52%) and mised microtubules appear to prevent invagination of the
virtually all germlings had at least one mature septuarctin ring. These results suggest that the actin ring persists
(C = 96%). In benomyl-treated cultures at the same tim#yrough mitosis, about 5 minutes A nidulans[Bergen
there was little change from the time of addition o&nd Morris, 1983], and that actin ring invagination and
benomyl (11 hours). Only 23% of germlings werehitin deposition occur postmitotically. The observation
initiating the synthesis of new septa (A) and only 37% dhat only mature septa (those staining for chitin alone)
germlings had mature septa (C). We conclude thakere found between mitotic and interphase nuclei (M/I-2)
polymerized microtubules are required for both formatiois in agreement with observations that nuclei within a
of the circumferential actin ring and for progression to theeptal compartment are synchronized [Fiddy and Trinci,
invaginating actin ring with septal wall synthesis. 1976].

In order to correlate actin and chitin ring formation In order to verify that the effects of benomyl
with position of the mitotic nucleus, we scored nucleareatment on septation were mediated by microtubule
position and condition along with ring compositiordepolymerization rather than by some cryptic function of
(Table II). Although movement of nuclei within hyphalthe drug, we used the benomyl-resistant strain BEN13.
compartments could have confounded this analysis, beffdus strain carries a mutation @rtubulin which confers
myl also blocks nuclear movementAn nidulangOakley resistance to benomyl [Sheir-Ness et al., 1978; Oakley
and Morris, 1980]. We recognized five distinct configuraand Morris, 1980]. In contrast to wild-type (Table 1),
tions: mitotic nuclei bisected by a ring (M-1); mitoticBEN13 cells treated with benomyl were still able to make
nuclei flanking a ring (M-2); interphase nuclei bisectedepta (Table IlI). This result clearly shows that the
by a ring (I-1); interphase nuclei flanking a ring (I-2); andbenomyl block of septation in wild-type cells is mediated
mitotic and interphase nuclei flanking a ring (M/I-2). Thehrough its effect on microtubules.
majority of actin rings in untreated cultures were flanked
by interphase nuclei (I-2), not surprising given that onl
5% of the germlings contained mitotic nuclei. As ex?SISCUSSION
pected, following benomyl treatment, the percentage of These studies clarify the temporal and spatial
actin rings flanked by interphase nuclei fell while theelationship of actin and chitin ring formation, demon-
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11 11.5 12 14
Hours

Benomyl

W Actin
A Actin + Chitin
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Fig. 5. Percentage of actin rings increases with mitotic block. Conidia (asexual spores) were inoculated
into complete medium and incubated at 30°C. At the 11-hour time point (the point when the first septa are
made) either ethanol alond) or 10 pg/ml Benomyl in ethanoB() was added to identical cultures. At 0

time (11-hour time point) and after 0.5, 1, or 3 hours incubation, cultures were fixed and stained to localize
actin, chitin and nuclei.
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TABLE IIl. Effect of Microtubule Depolymerization on the The morphology of actin during the intermediate
Progression of Septation in the Benomyl-Resistant Strain BEN3 stage of septum formation (when both actin and chitin are
Time Ring % present) suggests a contractile mechanism. Actin appears
(hours) Ben n° composition Germlings - 55 3 broad band with a constriction in the middle giving

7 - 100 c 0 an hourglass shape (Fig. 3D-J). A similar conformation of
1 - 100 C 68 the actin band was thought to indicate a contractile actin
11 + 100 C 69

mechanism in the fission yeaSt japonicus/Alfa and
*Germlings were incubated for 7 hours (the point just prior to th yams, 1990]. Confocal microscopy (Fig. 4) confirmed
formation of the first septum for this strain), treated with benomy h ’ | ) fth in b ) d d led
incubated for another 4 hours, and then fixed and stained. Germli ourglass appeararjce 0_ t_ e actin ban "?m reveale
were scored either for the presence or absence of chitin rings. more concentrated actin staining at the leading edge of
“Ben, benomyl; 100 pl of 1 mg/ml benomyl dissolved in ethanol waghe invagination. This concentration of actin is reminis-
added to experimental samples)(for a final concentration of 10 cent of the cleavage furrows of animal cells undergoing
pg/ml. One hundred pl of ethanol was added to negative contrgls ( ile divisi . db hi d |
bn, number of germlings scored. contractile visions [reviewed by Satterwhite and Pol-
°C, chitin. lard, 1992; Fishkind and Wang, 1995].

Interestingly, the “hourglass” was always seen with
a ring of chitin located circumferentially to the central

. . . . .actin constriction (Fig. 3D-J and data not shown).
strate dynamic changes in actin that are consistent with.a . o :
nerally, the smaller the actin constriction, the thicker

contractile mechanism for septation, and suggest a r IS chitin ring (Fig. 3H, J and data not shown). The

for microtubules in the initiation and progression o ) . f acti d chit hat chii
septum development. Time course experiments (Fig. $Jative positions of actin and chitin suggest that chitin

showed that most early septa were composed of acﬁ)ﬁnth_esis_ takes place .at.the_ Iead_ing edge of the actin
alone. After 1 hour, most septa were composed of bdfiyagination. As the actin ring invaginates, it may pull the
actin and chitin. By our latest time point, most septa wef@€mbrane inward and chitin may be deposited in its
composed of only chitin. We interpret this to mean tha¥ake. Alternatively, the centripetal thickening of the
during septum development an actin ring is the precursehtitin ring may push the membrane and actin forward.

to the chitin ring and that actin and chitin are both present ~ The chitin synthases are known to be membrane-
during an intermediate stage of septum development. Tieund enzymes that receive monomer on the cytoplasmic
presence of the actin ring before the chitin ring iface of the membrane and extrude polymer to the outer
consistent with the observation of Harris et al. [1994] th&ce [Cabib et al., 1983]. Therefore, septum development
Cytochalasin A reversibly inhibits septation. It is possibleakes place between the membrane and the cell wall,
that the faint actin rings we observed before chitiutside the cytoplasm where no cytoskeletal elements
deposition were not precursors to septa, but other hyphaside (Fig. 1). Without the actin invagination, activation
actin structures such as the actin plaques or perinuclegrcell wall biosynthetic enzymes would likely lead to
caps reported in some filamentous fungi [Butt and Heaigleneral thickening of the wall rather than the highly
1988; Heath, 1990]. This seems unlikely, however, bgscalized synthesis of septation. Gooday and Schofield
cause the actin rings we observed were not visible 1 h B95] have proposed that chitin synthases may be
before the forma_tion Qf the first septa (dqta not show tivated by membrane stress caused by turgor in apical
spanned the entire width of the hypha (Fig. 3A-C), a Il growth. If the chitin synthases are sensitive to

were not consistently positioned surrounding nuclei Xembrane stress. the pulling inward of the plasma

erinuclear caps would be. Observations on a population ] . )
P P pop membrane by actin contraction could serve to activate

of germlings undergoing the earliest septation event werg. .. . o .
9 g going P itin synthesis at the septum. Localization of chitin

also consistent with the view that the actin rings a th d actin ri o i ded t d
precursors to the chitin rings seen in mature septa. TRE'TaS€S and actin ring components 1S needed to under-
tand this process more fully.

proportion of germlings with actin rings at 11 hours was A . .
very close to the proportion with chitin rings at 11.5  1he apparent redistribution of cytoplasmic actin
hours, as would be expected if each actin ring gave rise@%ay from the area around late-stage septa was seen

a chitin ring (37% and 40%, respectively, data ndepeatedly (Fig. 3L). This may result from the addition of
shown). The appearance of a ring containing actifécondary wall layers flanking the chitinous middle layer
followed by a ring containing actin and chitin, followedof the septum, so that cytoplasm no longer abuts the chitin
by a ring containing chitin alone, is identical to the ordedlisk (see Fig. 1). The punctate appearance of actin at the
of events seen during the initial stages of the contractit@rder of the actin-free zone was also seen repeatedly. It
divisions of the fission yeas8. pombe[Marks and may indicate that actin is directing the transport of new
Hyams, 1985; Chang et al., 1996]. material used to make the secondary septal wall. We
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cannot, however, rule out the possibility that this pattemicrotubules with nocodozole caused furrowing to halt or
of actin staining is an artifact of fixation. Double stainingven regress.
experiments with reagents to detect actin and secondary We can envision three ways in which the depolymer-
wall material will resolve this question. ization of microtubules may block the progression of
Previously, Harris et al. [1994] concluded thageptation. First, progression may be controlled by the
microtubules are not required for septatioimidulans. spindle assembly checkpoint [reviewed by Murray, 1995].
This observation was based on septum staining witthus, in addition to halting further progression of mitosis,
Calcofluor following the addition of benomyl. IA. the spindle assembly checkpoint may also prevent further
nidulans,benomyl blocks mitosis prior to the onset oprogression of septation by arresting actin ring invagina-
anaphase. Nuclei arrest with condensed chromatin afh and chitin deposition. Interestingly, a component of
high levels of the nimA and p34 kinases [Osmani et akpe spindle assembly checkpoint identifiedSn cerevi-
1991a,b]. Here, by carefully following actin ring formasjae as Bub2 [Hoyt et al., 1991], is highly similar ®.
tion and cell wall deposition, we have uncovered tWgompeCdc16 which plays a role in septation [Fankhauser
essential roles for microtubules during septum formatiogy 5 1993]Cdc16mutants undergo additional rounds of
Microtubules appear to be required both for the initiatioge ptation at the restrictive temperature without complet-
of cytokinesis and for its progressionAa nidulans. — jnq another round of mitosis. It will be of interest to see if
The requirement of microtubules for the initiatiory gimilar gene product iA. nidulanssignals actin ring

of cytokinesis is suggested by benomyl's ability G,y agination in response to microtubule assembly.
prevent the formation of new actin rings in germlings Second, continued septum development beyond

competent to undergo cytokinesis (Table I). Previouslyi, 1ing formation may require exit from mitosis, i.e.,

Wolkow et al. [1996] showed that nuclear positioning, e may be a postmitotic checkpoint for septum progres-

influences septal positioning . nldu_lans mypella. ion. A requirement to exit mitosis is strongly suggested
Taken together, these results are consistent with cyto g/ the observation that invaginating actin rings with

netic models which invoke the position of the mitoti(‘thitin are always flanked by interphase nuclei {AC

spindle as determining the eventual site of actin Mehble II). A postmitotic checkpoint which blocks cell

formation. Our findings are in contrast to findings Ir'separation if nuclei are not properly placed on either side

fission yeast where actin rings are capable of forming N ihe division site has been suggestedSbypombactin

the apparent absence of a mitotic spindle [Chang et ar|'r1g mutants [Chang et al., 1996] aBdcerevisiaelynein

1996; Gould and Feoktistova, 1996]. However, odr utants [Li et al., 1993; McMillan and Tatchel, 1994].

studies do not define the position of the actin ring relati(\;r@perha s a similar bostmitotic checkooint blocks actin
to mitotic nuclei. The majority of actin rings were foun P P P

between interphase nuclei (Table I1). With benom)}pvagination and chitin deposition rather than cell separa-

treatment there was a roughly equivalent increase in achan ": ﬁ I”'d“'ji’.‘st- Féntally, It r?malns po_ssmile that a q
rings bisecting mitotic nuclei and in actin rings flanked b Icrotubuie-mediated transport process 1S also require

mitotic nuclei. It remains possible that actin ring formal® cOmpletion of septation. Future studies will investi-

tion may be activated by adjacent mitotic nuclei or thate these possibilities.
actin rings are not formed in any one position relative to ~ Baséd on the data presented here we propose the
mitotic nuclei. following model for septum formation iM\. nidulans
The requirement of microtubules for the progres(—':ig- 6). After the germling h_as reached the requisitg size
sion of cytokinesis is suggested by benomyl's ability tfVolkow et al., 1996], a microtubule-dependent signal
block already formed circumferential actin rings fronifom the mitotic nucleus causes the formation of the actin
invagination and the deposition of chitin (Fig. 5; Table 1)ing (Fig. 6A—C). The actin ring persists through mitosis,
In addition, in benomyl-treated germlings, the hourglag§/clear separation and return to interphase. Late in
pattern of actin staining was never seen and ringaitosis or early in interphase, a microtubule-dependent
containing both actin and chitin were only rarely seefignal allows septation to progress (Fig. 6D). The actin
(Table 1, data not shown). The rare actin and chitin ring§1d becomes more prominent and constricts at the center
showed only faint punctate actin staining and presumat@j¥ing an hourglass shape (Fig. 6E). As actin pinches
resulted from the persistence of rings that contained bdttward, chitin synthesis takes place at the leading edge of
actin and chitin at the time of benomyl addition. Interesthe invagination. As the actin ring invaginates, chitin is
ingly, recent studies in cultured animal cells have demogleposited in its wake (Fig. 6E, F). Actin becomes less
strated that the midzone microtubule bundles are contirpronounced, pulls back from the developing septum, and
ously needed for cleavage furrow formation [Wheatlegventually disappears, leaving the new septal cell wall
and Wang, 1996]. In these studies, depolymerization with its chitinous middle layer (Fig. 6G, H).
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A B C D E F G H

Fig. 6. Amodel of septum development. After the germling passesta wake E, F). Actin becomes punctate, pulls back from the
size threshold, a signal from the mitotic nucleus triggers actin rindeveloping septumQ@), and eventually disappears, leaving the new
formation @, B). The actin ring forms either between nuclei orseptal cell wall with its chitinous middle layeHJ. Shaded ovals
directly over a nucleus@). The actin ring persists through mitosisrepresent interphase nuclshaded circlegepresent mitotic nuclei;
and return to interphase. A signal from the late mitotic or interphagiick solid linesandbroken linesrepresent actimarrowsrepresent a
nucleus D) triggers actin condensation and invagination. The actisignal from the nucleussmall gray trianglesrepresent activated
ring thickens to a band and begins to pinch inward giving achitin synthasestippled bandsepresent chitin (the primary septum);
hourglass shape. Chitin synthesis takes place at the leading edggrafy bandsepresent other septal wall material (the secondary septa).
the invagination. As the actin band pinches inward it leaves chitin in
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