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ABSTRACT
Understanding how a cell responds to hormonal signals with a new program of
cellular differentiation and organization is an important focus of research in de-
velopmental biology. IrFunaria hygrometriceand Physcomitrella patenswo
related species of moss, cytokinin induces the development of a bud during the
transition from filamentous to meristematic growth. Within hours of cytokinin
perception, a single-celled initial responds with changes in patterns of cell ex-
pansion, elongation, and division to begin the process of bud assembly. Bud
assembly in moss provides an excellent model for the study of hormone-induced
organogenesis because it is a relatively simple, well-defined process. Since buds
form in a nonrandom pattern on cells that are not embedded in other tissues, it is
possible to predict which cells will respond and where the ensuing changes will
take place. In addition, bud assembly is amenable to biochemical, cellular, and
molecular biological analyses. This review examines our current understanding
of cytokinin-induced bud assembly and the potential underlying mechanisms,
reviews the state of genetic analyses in moss, and sets goals for future research
with this organism.
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INTRODUCTION

The study of nonflowering plants has contributed important information about
the nature of changes in form and function that occur during the development of
both flowering and nonflowering plants. While even these simple plants grow
and develop via complex processes and interactions, their less complicated
morphology makes the study of certain aspects of development more feasible
than is possible in higher plants. Funaria hygrometriceandPhyscomitrella
patens two related species of moss, assembly of a bud from an initial cell
involves hormone-induced organogenesis beginning in a single cell that is not
embedded in othertissues. Inthis review, we describe whatis known about early
events in bud assembly, examine the advantages and limitations of studying
moss to understand the underlying elements of eukaryotic development, and
identify areas of future investigation and the tools that will be critical for these
studies. Finally, we set some immediate goals for the study of development in
moss.

MOSS GAMETOPHYTE DEVELOPMENT

The earliest stage of vegetative developmeritnaria andPhyscomitrellas
characterized by cellular differentiation during filament growth. The cellular
dimensions and timing of the events described herEdimariagrown in culture

have been recently described in detail (56). Spore germination (Figure 1
andB) leads to the formation of a filament that consists of a tip (apical) cell
and a linear array of subapical cells produced by successive divisions of the
tip cell. These cells, the chloronema (Figu@),lare filled with disc-shaped
chloroplasts and have cross walls that are perpendicular to the filament axis. As
is characteristic of the subapical cells of tip-growing organisms (36), no further
growth occurs in the subapical chloronema cells. The tip cell elongates, reaches
a maximum length, and divides to produce a new subapical cell to extend the
filament. Chloronema filament growth continues until, in response to increases
in light (18) and auxin, the appearance of the chloronema tip cell begins to
change. This cellular differentiation leads to formation of the second filament
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cell type, the caulonema (Figur®})L In comparison to a chloronema tip cell, a
fully developed caulonema tip cell elongates dramatically, exhibits decreased
time for tip cell division, and has smaller, elongated, flattened chloroplasts that
contain less chlorophyll. During the transition from chloronema to caulonema,
the newly formed cells appear intermediate in character between the two cell
types, but after five to six days, caulonema cells are long, nearly clear, and have
cross walls that are oblique to the filament axis.

Once caulonema cell differentiation has begun, a new axis of cellular polarity
is set up during the formation of initial cells. Very shortly after division of a
caulonema tip cell, a small swelling appears in the second subapical cell (the
third cell of the filament). This outgrowth, which will give rise to an initial cell
(Figure D, arrowhead), appears at the apical end of the cell near the apical-
most end of the oblique cross wall. The outgrowth continues to expand, and the
division that will produce the fully formed initial cell occurs five to six hours
after visible evidence of initial cell formation is first seen. Before this division,
the nucleus migrates from midway in the filament cell to the initial cell site,
where it divides. One daughter nucleus moves into the forming initial cell, and
the second moves back to the middle of the filament cell. A cell wall, oriented
parallel to the longitudinal axis of the filament cell, separates the initial cell
from the filament to produce the fully formed initial cell (Figurd)1

The next stages of developmentuanariaare characterized by hormone-in-
duced organogenesis as a bud is assembled from the caulonema initial cell and
the leafy gametophyte develops from the bud. The caulonemainitial cell has two
potential fates that are developmentally distinct. In the absence of cytokinin,
the initial cell will continue to grow by tip growth to produce a new lateral
filament (side branch) (FigureE}, thus maintaining the filamentous growth
habit. However, in the presence of cytokinin, the initial cell takes on a distinct
morphology associated with the assembly of a budin transition from filamentous
to meristematic growth.

In culture, bud assembly can occur in both the presence and absence of
exogenous hormone; however, treatment with cytokinin leads to the production
of significantly more buds. Tissue can respond to added cytokinin for a period
of time after caulonema initial cells begin to form, but prior to the appearance of
buds in untreated tissue (8, 13). The very small number of buds that form in
the absence of added cytokinin presumably arise in response to endogenous
hormone.

Early changes during bud assembly include an altered pattern of cell expan-
sion and elongation of the initial cell to produce the single-celled bud. Later
changes involve divisions within the bud to give rise to a simple meristem that
produces a leafy shoot (Figur& AndG) that eventually bears the gametangia
(not shown). Following the production of gametes and fertilization, the zygote
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develops into a sporophyte (Figur&llwith a stalk 3—4 cm long that will bear
a single capsule containing hundreds of thousands of haploid spores.

Inthe context of this description of moss development, we turn our discussion
to what is known at the cellular and subcellular levels about how the caulonema
initial cell is assembled into a bud.

CELLULAR CHANGES DURING BUD ASSEMBLY

Cellular changes are apparent in the initial cell within two to three hours after
the addition of cytokinin. At the time of the division that separates the initial
cell from the filament cell, the initial cell (FigureA} is approximately 2Q:m

long and contains many large chloroplasts. The first visible indication of
cytokinin-induced bud assembly is the dramatic swelling of the initial cell
resulting from a lack of further tip growth and a change in the pattern of cell
expansion and elongation. The apical area of the initial cell becomes dome-
shaped as the deposition of new wall material moves from the very tip region
to the sides of the cell, forming a rounded single-celled bud with an elongating
stalk (Figure B) (10, 16). Other early cellular changes in the single-celled bud
include a reduction in chloroplast size and an alteration in chloroplast shape.
The first division of the bud occurs when it is approximately.éb long. This
division is asymmetric and, therefore, produces daughter cells of different de-
velopmental fates. The bud divides transversely with respect to its long axis,
producing a large, highly vacuolate stalk cell and a small, densely cytoplasmic
apical cell (Figure £). The apical cell then divides longitudinally, resulting

in two densely cytoplasmic cells (Figur®® (16). Subsequent unequal cell
divisions give rise to a tetrahedral apical cell (meristem) that continues to divide
in three planes to form the relatively simple multicellular bud (Figuge Zhe
subapical cells of this bud then divide more frequently than the apical cell to
give rise to a larger, more complex bud (Figufe) 224). Subsequently, leaf
primordia arise as projections from the side of the bud (Figir@&owhead.

One of the derivatives of each apical cell division gives rise to one primordium;
the leaflets (Figure@) derived from it are composed of files of cells that grow
by general expansion.

SUBCELLULAR CHANGES UNDERLYING
BUD ASSEMBLY

During initial cell formation there is a change in the cellular organization at the
presumptive initial cell site; directed growth at this site takes place via strat-
ification of organelles (16). TEM (transmission electron microscopy) studies
have shown that the apex of the outgrowth contains Golgi bodies, associated



SCHUMAKER & DIETRICH

506

"PNg 8y} Jo 8p's 8y wouysuoosfoid se esie (9)
100us Afea| 8y Jo 1| e o1 dopASp [[IM YOIYM JO yJes ‘(pesymo. e ‘H) eipjowud jea)ayy ‘Apuenbesans () png xedwiod
aJow ‘;ebre| e 01as11aAI6 01 |90 [IIde 8yl Leyl Apuenbal) aiow apIAIp png 8yl Jo S|jed eoidegns ayl (3) png fenjponnw
a|dwis ApAirPI 3y} Wwioy 01 saue|d 831y} Ul SPIAIP 01 SSNUIUOD ey} |2 [edide fepaue.il B 01 asli aAIB suosIAIp fenbaun
wenbesgns *(Q) seo olwse|doyo Apsusp omi ut Buinsas ‘Ajfeulpniibuo| SSpIAIp |2 [eoide ayL *(D) |2 [edide ojwse|dofo
Apsuap ‘|lews e pue | Y eis aejonden Alybiy ‘ab.se e aonpoid 01 uosIAIP dLBWWASe Ue A pamo|[0)SISIY ] “(g pue v a1,edwod)
[B9 feniulay} jo Buljpis d1jewelp e si Ajquesse png Jo UOIEDIPUI B|GISIA 1S1l UL "UORIpPe UIUI01AD JO SInoy 831U} 0} OM)
uiyim (v) |2 eniulayl ul wsedde afe sabuey)d YiMo.b 217eWwals LiIBW 0] SNOUBWR |1} WO uosuel) puswdopreg  zainbi4

‘Ajuo asn feucsiad 104 '80/0Z/TT U0 Aklgi]euozuy Jo AiseAlun Aq
Bio'sma1nsifenuLe'S feUINO (18 WO POPeO UMOQ €2S5-TOS'67°866T *1019 [OIN Weld *[0SAUd “Iueld "AdY Nuuy



Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 1998.49:501-523. Downloaded from arjournals.annualreviews.org

by University of Arizona Library on 11/20/08. For personal use only.

SIGNALING DURING MOSS DEVELOPMENT 507

vesicles, and cortical (immediately adjacent to the plasma membrane) endo-
plasmic reticulum (ER). The outgrowth is filled with cytoplasm but contains
only afew vacuoles and chloroplasts that are positioned in the cell cortex. While
tip-growing cells are distinguished by perpetual stratification of organelles (35),
the moss initial cell loses this organization after the division separating it from
the filament occurs (16).

A fully formed initial cell that has not been stimulated to form a bud be-
comes a side branch, and the cellular organization resumes the tip cell pattern of
organellar stratification. If perception of cytokinin occurs, organelle distribu-
tion remains random during the dramatic swelling that follows, but there is a
qualitative and quantitative change in internal membranes (41, 42). The struc-
ture, guantity, and distribution of the ER during bud assembly have been studied
using both the fluorescent, lipophilic carbocyanine dye'-@il3exyloxacarbo-
cyanineiodide, and rapid freeze-fixation/freeze-substitution. These studies have
shown that while the cortex of the bud contains the same cellular components
as side branches, during bud assembly there is an increase in ER membrane
density and cortical ER volume. The ER network becomes “tighter” and forms a
gradient within the developing single-celled bud as the stalk region becomes de-
lineated. As vacuolation increases in the stalk region, its ER network becomes
more open. In contrast, the apex of the one- or two-celled bud has closely packed
ER. This ER is associated with ribosomes and forms a shell in the periphery
of the bud apex with close apposition of the outermost ER and plasma mem-
brane throughout the bud cortex. The new configuration and quantity of ER
has been found to be the most significant subcellular change observed during
bud development, and this bud-like pattern has never been observed in side
branches. The ER continues to be closely spaced in the apical region of the
bud as it develops into a multicellular structure and forms the tetrahedral apical
cell. Itis not clear how the change in cortical ER density during bud assembly
is accomplished.

McCauley & Hepler (42) suggested that the cortical ER may be a general
indicator of the metabolic status of a cell during bud assembly. Cytokinin-
induced bud assembly may be mediated through release of calcium, and the
increased quantity of cortical ER in buds may represent the mechanism to
change calcium sequestration capabilities and intracellular calcium levels.

Doonan et al (24) demonstrated that reorganization of the microtubule
cytoskeleton is also correlated with changes in the pattern of cell growth during
bud assembly. In a newly formed caulonema initial cell, there is a meshwork of
microtubules that have a random orientation and do not focus to any particular
site in the cell. As an initial cell that has not been stimulated to form a bud re-
sumes tip growth, the microtubules associated with the nucleus become aligned
along the axis of cell elongation and focus to the surface of the tip apex. In



Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 1998.49:501-523. Downloaded from arjournals.annualreviews.org

by University of Arizona Library on 11/20/08. For personal use only.

508 SCHUMAKER & DIETRICH

cytokinin-treated initial cells, the nucleus-to-cortex microtubules are oriented
randomly and do not focus to the tip, which is consistent with the more diffuse
pattern of growth in the bud. Evidence from this study suggests that cytokinin
may be specifically affecting the cytoplasmic microtubules in the developing
bud. While cytokinin has no apparent effect on either microtubules in nonbud-
forming tissue or on spindle and phragmoplast microtubules within the bud, the
cytoplasmic microtubules in assembling buds appear to be poorly preserved.
Based on this lack of microtubule preservation, it has been suggested that the
cytokinin-induced changes in cytoplasmic microtubule organization may ac-
count for the loss or prevention of tip-directed growth resulting in a swelled
initial cell.

SIGNALS INITIATING BUD ASSEMBLY

Experimental evidence supports the existence of two distinct developmental
stages in bud formationa) caulonema initial cell formation antbassembly

of the bud from the initial cell (11). In many of the studies outlined below, these
two processes have not been distinguished from one another. Where possible,
we have tried to separate them and to focus our discussion on bud assembly.

Light

Light has a marked influence on a number of processes in moss develop-
ment such as spore germination, growth of chloronemal and caulonemal side
branches, and bud assembly (3, 4, 18, 19, 60). Evidence suggesting a light re-
quirement in bud formation includes the absence of buds in dark-grown plants
and the induction of buds in dark-grown plants exposed to light (3, 4, 19, 60).
Because the starting tissue for these studies was not defined in most cases,
we cannot conclude whether initial cell formation, bud assembly, or both are
light-sensitive.

Some of the characteristics of the light requirement for bud formation have
been determined. Production of buds is dependent on the intensity of red
light, and weak white light delays further development to the leafy gameto-
phyte (3, 44, 60). In low-intensity continuous light, buds do not assemble from
initial cells in response to cytokinin (18). However, as white light intensities
are raised, bud formation increases steadily (3). Large numbers of buds can
also be induced with exposure of tissue to red light with maximum bud pro-
duction occurring at-16 umol quanta m? - s7* (3). It has been shown in
Physcomitrium turbinaturthat there is a relatively large cumulative light dose
required for bud formation, suggesting that light energy may be used for the
synthesis of a product that must accumulate before buds form (44). Further sup-
port for the accumulation of such a product comes from experiments in which
moss tissue “remembers” exposure to lightPlmyscomitrellasome buds are
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formed when dark-grown cultures are exposed to light for several hours and
then simultaneously treated with cytokinin and returned to darkness (18).

Hormones

In assessing the role of regulatory molecules in caulonema filament and initial
cell formation, we have previously suggested criteria that would need to be
satisfied to show the involvement of a molecule in a physiological process (56).
For example, this effector should be present at the appropriate times and in the
correct concentrations to elicit the response. This requires mechanisms to alter
the amounts of the effector or the sensitivity of the target cell to the effector. It
should also be possible to show that altering the level of the effector in wild-type
or mutant plants changes the response. We will use these criteria to provide a
framework with which to evaluate the evidence implicating auxin and cytokinin

in bud assembly.

The genetic nomenclature that follows uses the respective authors’ strain
designations. ltalicized lower-case letters represent mutant alleles that have
been shown in crosses to segregate in a Mendelian manner. lItalicized upper-
case letters indicate strain designations based on phenotypic analyses; it has
not been determined that these strains are the result of single mutations (5, 26).

AUXIN  To our knowledge, auxin levels have not been measured during bud
formation. However, evidence of a role for auxin in bud formation comes from
experiments with cytokinin-resistaritgnzybdenineresistantBAR mutants

of Physcomitrella BARmutants do not produce buds even in the presence of
exogenous cytokinin (3, 5). When grown in white light on medium lacking hor-
mones, one class &ARmutants produces a normal amount of caulonema but
forms few or no leafy gametophytes even though these mutants are producing
initial cells. With the addition of low levels of auxin, however, these mutants
show normal development through the formation of leafy gametophytes. These
results suggest that in addition to cytokinin, bud assembly requires auxin, but
presumably at higher levels than is needed to produce caulonema cells (3, 56).

CYTOKININ At the time of the last comprehensive review in this series on
gametophyte development in ferns and bryophytes (12), it had been shown that
addition of cytokinin to moss cultures stimulated bud formation (see 13 and
referencestherein). Since thattime, ithas been shown that cytokinin specifically
affects both initial cell formation and the subsequent assembly of a bud. Bopp
& Jacob (11) have shown thatkunariapicomolar levels of cytokinin induce a
caulonema filament to produce initial cells, whereas nanomolar to micromolar
concentrations are required for the assembly of a bud from an initial cell.

All synthetic and natural substances with the characteristics of a cytokinin
(adenine derivatives with an®ubstituted side chain of five or more carbon
atoms) evaluated to date can cause a change from filamentous growth to at least
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the early stages of bud formation (9). Both cytokinin bases and ribosides are
active; however, the ribosides are less so (67). Additional studies have shown
the concentration dependence of cytokinin action over a range of 50 nM to
1uM (13,67).

Few measurements of tissue-derived cytokinin levels have been made for
wild-type Funaria or Physcomitrella and to our knowledge, no measure-
ments have been made to relate cytokinin levels to different stages of develop-
ment. In a hybrid generated from a cross betweenariaandPhyscomitrium
piriforme, Beutelmann & Bauer (7) characterized the endogenous hormone
and showed that its chromatographic behavior was identical to thef- AR
isopentenyl)adenine®@de) and that it was found in both tissue and culture
medium at~1 uM. Apart from this report, most of the information about the
nature of the endogenous cytokinin responsible for bud formation has come
from studies of mutants d?hyscomitrella Ashton et al (5) isolated and char-
acterized a number of mutants that responded abnormally to auxin and cytokinin
and have shown that a relationship exists between the presence of the hormones
and bud formation. Based on their responses to added hormones, the mutants
were divided into two categories, those that have altered endogenous auxin or
cytokinin levels (possibly due to altered levels of synthesis, increased produc-
tion of molecules that modulate hormone activity, or changes in the degradation
of endogenous hormone) and those altered in their response to one or both of
the hormones.

The characterization of one group of mutants that appears to have altered
endogenous cytokinin levels, the baodeproducing ¢ve mutants, has pro-
vided evidence for the involvement of cytokinin in bud formation. 1. These
mutants produce more buds than wild type on media lacking hormones, thus
resembling wild-type plants treated with cytokinin (4). 2. When grown with
wild-type tissue, members of ormve group can induce bud production in
neighboring wild-type cells (4). 3. Under conditions in which the medium is
continuously replacedyvemutants do not produce buds; the colonies show a
morphology identical to that of wild-type tissue grown under the same condi-
tions (4). 4. Subsequent studies measured the cytokinin content of the medium
from cultures of the wild type and severae mutants. It was shown that
the PAde concentrations in the culture medium from themutants reached
a maximum of 100 nM and zeatin concentrations reached 5 nM (25, 63, 65).
Cytokinin levels in the medium from the wild-type culture were approximately
1% of what was found for thevemutants (65).

Very little is known about mechanisms of synthesis or catabolism of cy-
tokinin during moss development. Evidence for cytokinin biosynthesis comes
from experiments in which cultures offemutants were fed with radiolabeled
adenine (62). Within hours, radiolabeled cytokinin was found in the culture
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medium and in the tissue. Geuhser & Bopp (30) provided preliminary evi-
dence for a cytokinin degradation pathway. They showedrhaariacultures
convert radiolabeled cytokinin to adenine and its derivatives.

CALCIUM AS AN INTRACELLULAR MESSENGER
IN BUD ASSEMBLY

In a series of papers, Saunders & Hepler (51-53), Saunders (50), and Conrad &
Hepler (15) reported experiments winaria addressing the role of calcium

in bud formation. The authors concluded that calcium is involved; however,
they did not determine in which process(es) it plays a role. Analysis of the data
presented in these papers suggests that the studies have most often evaluated the
role of calcium in the formation of the caulonema initial cell. Two observations
lead to this conclusion. First, the authors often started with tissue that had not
yet produced initial cells, the target cells for cytokinin-induced bud assembly.
Because they added cytokinin to caulonema tissue that was not producing initial
cells, this addition first induced the formation of those targets. Second, they
measured the levels and distribution of intracellular calcium immediately after
the addition of cytokinin, during the period of initial cell formation, before
targets of bud assembly were present.

There is, however, indirect evidence suggesting that calcium in the external
medium is required for bud assembly. Saunders & Hepler (52) determined
the effect of artificially increasing intracellular calcium levels on initial cell
formation. They found that in the absence of cytokinin, but in the presence of
calcium, the calcium ionophore A23187 induced initial cell formation. When
treatment with the ionophore was prolonged (under the same conditions), in
some instances initial cells continued to divide and form buds with typical
tetrahedral apical cells. Moreover, Markmann-Mulisch & Bopp (40) attempted
toinduce buds ifrunariain cytokinin-containing medium in which the effective
concentration of calcium had been reduced using cobalt. Fewer buds formed,
and those that did form were unable to undergo cell division remaining round
and unicellular.

Saunders & Hepler (51) provided further evidence implicating calcium in
bud assembly. They measured membrane-associated calcium at various stages
of development after cytokinin addition using the fluorescent calcium-chelating
probe chlorotetracycline (CTC). They found that fluorescence was four times
greaterinthe single-celled bud than inits subtending caulonema cell, suggesting
calcium levels increased during early stages of bud assembly. As bud assembly
progressed, the stalk cell became highly vacuolate and less fluorescent while the
dividing cells of the bud continued to display bright fluorescence atleast through
the formation of the tetrahedral apical cell. Using the fluorescent membrane
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probe N-phenyl-1-naphthylamine (NPN) as a measure of the amount of total
membrane present, some NPN fluorescence was observed in the single-celled
buds, but at lower levels than observed with CTC in cells at the same stage
of development. The authors concluded that the relative amount of calcium
per quantity of membrane, which had increased during initial cell formation,
was maintained during bud assembly. They suggested that the increases in
membrane-associated calcium reflect a localized cytokinin-induced increase in
intracellular free calcium.

Evidence suggesting that calcium may not be required for early events in
cytokinin-induced bud assembly comes from experiments in whiaharia
was grown in calcium-free medium (40). In this medium, initial cells swelled
even in the absence of apical calcium-CTC fluorescence. The buds remained
round and unicellular, suggesting that although calcium may not be required for
the early events in bud assembly, it appears to be required for the subsequent
cell divisions that lead to the formation of a multicellular bud.

PROSPECTS FOR THE ANALYSIS OF BUD ASSEMBLY

Early Events

While it is clear that cytokinin can stimulate the assembly of a bud from a
caulonema initial cell, many questions remain about the processes involved in
the cytokinin-induced signaling. For example, where is endogenous cytokinin
made and where does the perception that leads to bud assembly take place? Is
cytokinin made in filament cells and perceived intracellularly by the initial cell
or at its plasma membrane? Do endogenous cytokinin levels change during
development, or is the sensitivity of the initial cell altered in a developmentally
programmed manner?

To localize endogenous cytokinin and identify sites of perception during nor-
mal development, it will be necessary to develop methods that allow detection
of low levels of hormone and quantitative measurement of cytokinin in situ.
In addition, information is needed about the transport of endogenous cytokinin
and mechanisms of cytokinin synthesis, catabolism, or differential activation
during bud assembly.

Several approaches could be used to provide information about the site of
perception of exogenous cytokinin. For example, Brandes & Kende (13) mon-
itored the distribution of radiolabeled cytokinin Hunaria. They treated cells
with radiolabeled cytokinin and saw significant localization of radioactivity at
the single-celled bud. While some radioactivity was associated with the sub-
tending caulonema cells, little or none was localized to caulonema cells that
were not or had not produced initial cells. Based on these studies, Brandes
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(12) suggested that the presence of binding sites for cytokinin may be the
biochemical basis for the difference between cells that form buds and those
that do not. Additional experiments will be required to determine whether ra-
diolabeled cytokinin binds to the plasma membrane or whether it is taken up
into the cells. Another approach that should provide information about the site
of perception of exogenous cytokinin would involve the comparison of early
events in bud assembly in cells treated with impermeant cytokinin with those
events in cells that have been injected with the hormone.

An initial cell that does not encounter cytokinin will form a side branch by
resuming tip growth. One characteristic feature of tip growth is the presence
of an oscillating gradient of calcium focused at the apex of the tip cell (43, 46).
These calcium gradients may be due in part to regulated influx of calcium at the
growing tip. If these gradients are disrupted (e.g. with calcium and a calcium
ionophore), normal tip growth is altered (28, 39). Could a cytokinin-induced
increase in calcium early in bud assembly disrupt the normal tip-focused gra-
dient of calcium? A delocalized calcium influx might then lead to an altered
distribution of organelles and vesicles as part of the change from tip growth to
the pattern of expansion associated with the developing bud. An early differ-
ence between a branch or a bud then may be due to this change in calcium, and
cytokinin may induce and/or maintain delocalized calcium entry.

Experiments from our laboratory have shown that a calcium transport mech-
anism is present on the plasma membran®liyscomitrella(57-59). This
transport is sensitive to 1,4-dihydropyridines (DHPs), molecules that are known
to modulate calcium entry through voltage-dependent calcium channels in ani-
mal cells (14). In our studies, we have provided evidence for DHP modulation
of calcium influx into moss protoplasts (57). Influx was stimulated by DHP
agonists and inhibited by DHP antagonists. Calcium accumulation increased
dramatically within 15 s of addition of cytokinin to protoplasts, suggesting a
potential interaction of the hormone and the transporter. As has been shown for
DHP-sensitive calcium transport in animal cells, this influx into moss cells was
stimulated by a depolarization of the plasma membrane and was affected by
numerous classes of calcium channel blockers. We have also shown that there
are abundant sites for DHP binding in tRayscomitrellaplasma membrane;
DHPs bind with high affinity and specificity (58). This ligand/receptor inter-
action was stimulated by cytokinin at low concentrations and by heterotrimeric
GTP-binding proteins (58, 59).

We are presently examining the distribution, activity, and regulation of the
DHP-sensitive calcium transport activity during different stages of develop-
ment. With this information, we will be able to determine whetredrthe
transporter plays arole in initial cell formation (58)) the transporter regulates



Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 1998.49:501-523. Downloaded from arjournals.annualreviews.org

by University of Arizona Library on 11/20/08. For personal use only.

514 SCHUMAKER & DIETRICH

calcium oscillations during tip growth in initial cells that have not been stimu-
lated by cytokinin to form a bud, and)(cytokinin regulation of this transporter
disrupts the normal tip-focused gradient of calcium.

Determining the role of calcium in early events in cytokinin-induced bud
assembly will be complicated by the apparent diversity of calcium-dependent
stages during moss development. Ataminimum, itwill be necessary to separate
the changes taking place in bud assembly immediately after cytokinin addition
from processes involved in initial cell formation and from those involved in
the cell divisions during later stages of bud assembly. In addition, it will be
important to avoid experiments in which calcium is removed from the medium
as resulting changes in bud assembly may be due to calcium’s effect on other
critical developmental processes. It should be possible, however, to determine
whether calcium is involved in early events in cytokinin-induced bud assembly
using single cell assays, which we believe represent one of the major advantages
of using moss to study development. In these assays, molecules that may influ-
ence a specific process are delivered via microinjection to a particular cell at a
specific stage of development. Using this approach, it will be possible to mon-
itor cellular calcium changes immediately after the addition of cytokinin and to
alter intracellular calcium levels in the initial cell in the absence of cytokinin. If
calciumisinvolved, it will be possible to determine the timing of its involvement
since bud assembly occurs progressively along cells of a single filament.

If calcium is not found to mediate these very early events in bud assembly, it
will be necessary to determine how cytokinin is regulating the altered pattern
of growth that takes place during the assembly of the bud. For example, what
molecules are synthesized or activated in response to cytokinin? How do they
lead to the changes in cell expansion and elongation seen early in bud assembly
or to the cell divisions and subsequent morphological changes that result in
formation of the multicellular bud? Is cytokinin causing structural changes
by regulating the rate of wall synthesis and degree of wall extensibility as the
initial cell swells? Does it alter the stability or biochemical composition of the
cytoskeleton to allow for changes in deposition of wall and membrane material
during initial cell swelling or the orientation of the mitotic apparatus during
subsequent cell divisions?

Later Events

The processes that result in daughter cells with different fates are fundamental
to the generation of cell diversity during development (37). During cytokinin-
induced bud assembly, the initial cell reaches a specific size and then undergoes
an asymmetric division to produce two cells of different sizes with very different
fates. This asymmetric division must require the coordination of two events:
establishment of cytoplasmic polarity and orientation of the mitotic apparatus
along the axis of polarity. A number of questions need to be answered if we
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are to understand how these processes take place. For example, what cell fate
determinants are distributed differentially to the daughter cells? Do polarized
components of the cytoskeleton provide a structural basis for localizing these
determinants? Which genes play arole in the regulation of the asymmetric divi-
sion? How are these genes regulated and how do the resulting gene products act?

Asymmetric divisions are common in many organisms, and genes that are
responsible for these divisions, and the subsequent cell fate, have been iden-
tified in plants, nematodes, insects, yeast, and bacteria (1, 20-22, 31, 34, 49).
Recognizing that multiple mechanisms may be responsible for the generation
of asymmetry, careful comparative studies of asymmetric division in numerous
organisms may suggest candidate molecules that may underlie this process in
moss. Once these molecules are identified, it should be possible to determine
whether homologs exist in moss. For example, conserved sequences found in
genes in these other organisms could be used as hybridization probes or primers
for polymerase chain reaction. Methods that enable isolation of cDNAs from
moss that functionally complement asymmetry defects in other organisms also
offer a potentially powerful route for identifying homologs of molecules im-
portant in this process. In vivo assays altering the levels and distribution of pu-
tative regulatory molecules before, during, and after asymmetric division of the
initial cell should provide important insights into the role and regulation of
these molecules during bud assembly.

Studies have shown that cytokinin is not just a trigger for bud assembily; its
presence is required for several hours to prevent reversion to normal filament
growth (13). In experiments using a photolabile cytokinin, Sussman & Kende
(61) showed that reversion can be induced by exposing the tissue to UV light to
destroy the cytokinin, as well as by washing the tissue (13). Sinceitis notclear if
the caulonema filaments used as starting tissue for these studies were producing
initial cells, itis not possible to determine the duration of cytokinin exposure re-
quired for bud assembly alone. However, as was shown by the formation of a fil-
ament from a multicellular bud after cytokinin removal, clearly some prolonged
exposure to cytokinin is required to commit growth to bud assembly. A number
of questions arise concerning this prolonged requirement for cytokinin. Is con-
tinued exposure to cytokinin required to ensure production of sufficient levels
of a product that is required for commitment to bud assembly? Is cytokinin
required at multiple steps in the pathway of a cytokinin-induced cascade?

GENETIC ANALYSES OF BUD ASSEMBLY

The studies outlined above have begun to provide insight into the events that
take place during cytokinin-induced bud assembly and some of the mechanisms
involved. Continued progress toward understanding the underlying biochemi-
cal and molecular mechanisms will be facilitated by thorough characterization
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of previously identified developmental mutants. Progress will also be aided
by the identification of additional relevant mutations, such as those leading to
altered perception and transduction of the cytokinin signal or altered levels of
downstream interacting components. Potentially, mutants will allow the identi-
fication of genes importantin these processes. Inaddition, simple mutations can
be used in conjunction with the cellular and molecular tools currently available
to characterize the underlying defects. In the following section, we describe the
current status of genetic analyses in moss and identify technological advances
that will be required for genetics to further contribute to our understanding of
mechanisms underlying development in this organism.

Most genetic studies have been performed Willyscomitrella Recent es-
timates suggest that in the wild type= 27, and the DNA content is 0.6 pg
per haploid genome corresponding to 600 megabase pairs (48). Sporophytes
can arise as a result of either self- or cross-fertilization via union of gametes
from gametophytes produced from spores of the same or different sporophytes.
Wild-type strains are normally self-fertile. In culturBhyscomitrellahas a
short generation time of approximately 12 weeks.

Conditions have been described for the isolation and characterization of
morphological and amino acid and purine analog-resistant mutants (2,4, 5).
Mutations have been induced in haploid spores or filament celldNwittethyl-
N'-nitro-N-nitrosoguanidine (NTG), ethylmethane sulphonate (EMS), or ultra-
violet light. During somatic mutagenesis, filament tissue is treated with a mu-
tagen, and protoplasts are isolated (64). Regeneration of protoplasts leads to
the formation of tissue that can be screened for mutant phenotypes. Following
mutagenesis of either spores or filament cells, mutant strains have been isolated
most often using nonselective isolation (47). With this approach, the mutage-
nized protoplasts or spores are cultured initially on medium that will promote
filamentous growth. After 1-2 weeks of growth, the tissue is transferred to
conditions that select for the desired mutant phenotype; putative mutants can
usually be identified within 2—-3 weeks. Male and female gametes borne on
the same individual gametophyte are genetically identical. Thus, sporophytes
arising after fusion of these gametes are homozygous for the induced mutation,
and all resulting spores contain the mutation. If strains are fertile, classical
techniques can be used for complementation analysis, dominance testing in
nonhaploid tissue, and linkage studies.

It is easy to identify characteristics of moss that make it well suited for
genetic analyses. The production of single-celled spores and subsequent de-
velopment of the prolonged gametophytic stage allow genetic studies at the
haploid level. As described above, it is possible to mutagenize spores and iden-
tify gametophytic mutations. In addition, self-fertilization of gametophytes re-
sults in completely homozygous sporophytes. Because moss can be propagated
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vegetatively, mutants whose terminal phenotypes are expressed at a later stage
in development can often be maintained at an earlier stage (23).

Some of the same characteristics that make moss well suited for genetic
analyses also present limitations. The prolonged and complex, multicellular
haploid stage means that for a greater portion of the moss life cycle, lethal
mutations cannot be masked by a wild-type allele, as would be possible in a
diploid. In addition, genetic analyses have been hampered by the discovery
that certain mutant strains possess alleles that are dominant or incompletely
dominant to their respective wild-type alleles (5).

One of the greatest limitations to genetic studies in moss has been the fact that
many of the developmentally abnormal mutants are sterile (32). Somatic hy-
bridization following protoplast fusion has been used to circumvent the sterility
that is a consequence of mutants whose development is blocked prior to gamete
production (5, 26, 32, 33). Inthis procedure, protoplasts made from filamentous
tissue of one (mutant) strain are mixed with protoplasts prepared from another
strain. Cellular and nuclear fusion are induced using chemical (5, 26, 32, 33)
or electrical (66) methods. The protoplasts then regenerate into filamentous
gametophytes under conditions that select for hybrids. While karyotypic anal-
yses have not been reported, segregation ratios of progeny resulting from self-
fertilization of such hybrids suggest that most of the hybrids are diploid (17, 32).
Possibly due to the change in gene dosage, the morphologies of the somatic hy-
brids are variable and are unlike the morphologies of the parental haploid strains.

Somatic hybrids have generally been found to have low rates of reversion to
the wild-type phenotype, and the hybrid phenotypes are stable after numerous
subcultures. These hybrids can be used for more detailed genetic analysis if
sporophyte production occurs. Since many of the hybrids have been found
to produce fewer sporophytes than wild type or to be sterile, they have been
used most often in complementation analyses (26, 33). For example, using
somatic hybridization, it has been shown that one grougprefnutants occurs
relatively frequently, is recessive to wild type, and is associated with at least
three complementation groups (26).

IMMEDIATE GOALS FOR MOSS RESEARCH

Hormone-induced bud assembly in moss provides a unique opportunity to study
differentiation, morphogenesis, and organogenesis in vivo in a relatively sim-
ple organism. The advantages of using moss for these studies include the
following: 1. The process of bud assembly is well defined and normal develop-
ment can be manipulated experimentally (13). 2. The moss has only a few
cell types, so it is possible to isolate the events in bud assembly from other
developmental events. 3. Because bud assembly occurs progressively along
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a filament, it should be possible to determine when and where molecules in-
volved in this process are important. 4. The multicellular gametophyte enables
the study of more complex development than is possible with most other hap-
loid organisms. 5. The cells involved are large and accessible and, as a result,
are amenable to testing the in vivo function of molecules using microinjection
technology. 6. Using liquid cultures éfunariathat are enriched for specific
stages of development (38), it is possible to produce stage-specific tissue for
biochemical, cellular, and molecular biological analyses. 7. Moss cells have
been successfully transformed (55; K Schumaker, unpublished results); this
should provide an additional approach with which to study gene function dur-
ing development. For example, this can be done in transformation experiments
in which the levels of a gene product are altered in the wild type. Alterna-
tively, a mutant phenotype may suggest candidate molecules that can rescue
the mutant; transformation will provide a functional assay for such molecules.
Successful transformations have used polyethylene glycol-mediated uptake of
DNA into protoplasts. Protoplast regeneration takes approximately one week
and always leads to the production of chloronema filaments first, indicating that
the developmental program appears to reset at this stage. As a result, it will be
necessary to isolate stage-specific promoters in order to study expression and
function of cloned genes at particular stages during development. Preliminary
experiments examining the differential patterns of mMRNA expression during
development suggest that isolation of stage-specific promoters will be feasible
(K Schumaker & M Dietrich, unpublished data). 8. A recent report describes
homologous recombination Physcomitrellg54). The authors have provided
evidence for tandem insertions at several independent, targeted sites; this will
be extremely useful for producing null mutations. Further refinements of this
technique, resulting in gene replacement, will make this an invaluable tool for
moss research.

From whole plant, cellular, and subcellular studies over the past 20 years,
we know that bud formation in moss involves in sequence: differentiation of a
chloronematip cell into a caulonema tip cell, production of caulonema filament
cells, caulonema initial cell formation, and cytokinin-induced assembly of the
bud from the caulonema initial cell. In order to understand the mechanisms
underlying these processes, two overriding goals will need to be met. It is
critical to experimentally isolate the specific process under study. Studies of
bud formation that do not distinguish initial cell formation and bud assembly
will not permit an understanding of the underlying mechanisms of either process
and will produce results that are difficult to interpret. Of equal importance is
the need to standardize the protocols used for culturing moss tissue. This will
allow research using the most appropriate tissue for the specific developmental
event and permit meaningful evaluation of the data among laboratories.
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Once these major goals have been met, where should the focus of research
with moss be directed? While we anticipate that significant progress will be
made in answering many of the questions outlined above, we believe that the
identification and characterization of additional developmental mutants should
be an immediate focus of research. Generation of these mutants will ultimately
allow identification of novel molecules critical for the processes underlying bud
assembly.

Generation of Additional Developmental Mutants

CONDITIONAL MUTANTS It is critical that a strategy be developed to identify
mutants in which expression of the mutation can be controlled, for example, by
isolation of developmentally abnormal mutants that are temperature-, pH-, or
calcium-sensitive (45, 47). Conditional mutants would be an extremely pow-
erful tool for the study of protein function in vivo, as they provide a reversible
mechanism with which to lower the level of a specific gene product at any
stage during growth simply by changing the growth conditions. Isolation of
conditional mutants will be beneficial because many of the moss developmental
mutants are sterile. In addition, such an approach might enable the identification
and characterization of mutations that would otherwise be lethal. If the muta-
tions are extreme and if moss genomes do not include redundant or alternate
gene products to assume the function of the altered gene, nonconditional mu-
tations in genes essential for development might otherwise never be identified.
Since there is currently no general method to predict which mutations in a
protein will give rise to a conditional phenotype, mutants must be generated by
random mutagenesis followed by screening for conditional phenotypes. This
approach should work well with moss due to its relatively simple morphology,
the ease of screening tissue derived from a large number of spores or protoplasts,
and its short generation time in culture. Isolation of temperature-sensitive mu-
tations should be especially feasibleRnnaria based on the relatively wide
range of temperatures in which normal wild-type growth occurs@6 greater
than 25C). There is one report in the literature describing the isolation of a
temperature-sensitive developmental mutamliyscomitrella(29). This mu-
tant,ove409, produces leafy gametophytes with wild-type morphology when
maintained at low temperature. As the temperature is increased, the phenotype
changes to that of a bud-overproducing mutant, suggesting that the mutant may
be temperature-sensitive for cytokinin production. However, further analysis
of media from wild type, a nontemperature-sensitive mutant, ancve409
showed that all contain more cytokinin at elevated temperatures. The authors
suggested that although the mutant is temperature-sensitive for bud produc-
tion, the allele might not encode a temperature-sensitive gene product. Rather,
the ove phenotype at higher temperatures might be due to the production of
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cytokinin at levels high enough to increase bud formation. Effort in isolating
conditional mutants will be fundamental to the identification of critical defects
in essential functions that, at the same time, allow maintenance of the mutant
strain.

INSERTIONAL MUTANTS  Insertional mutagenesis has become an important ap-
proach for the identification of developmental mutants in plants (6, 27). This
general strategy allows insertion of known sequences at random sites in the
genome to disrupt the function of unknown genes and create a molecular tag
for subsequent gene isolation. Isolation, cloning, sequencing, and further anal-
ysis of the developmental gene affected are then feasible. Success with this
approach in moss will require the identification of endogenous transposable
elements or introduction of foreign elements through transformation.

CONCLUDING REMARKS

The goals of this review were to describe what is known about early events in
bud assembly and to evaluate the advantages and limitations of studying moss
to understand hormone-induced changes that take place during development.
It is clear that moss has great potential as an experimental organism for under-
standing the underlying physiological processes using biochemical, cellular,
and molecular biological approaches. We have identified several objectives
that, once achieved, will enable moss to reach its full potential as a model for
developmental studies. Some of these objectives, such as defining the stages
of development under study and standardizing the methods of tissue growth,
should be relatively easy to meet. Others, such as developing the tools required
for routine genetic analyses, will require a more significant commitment of time
and resources. The effort will be worthwhile, since many of the developmental
changes taking place during cytokinin-induced bud assembly in moss appear to
be common to other more complex organisms. Therefore, results from studies
with moss should provide important information about mechanisms underlying
hormone-induced development in general.
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