Protoplasma (1994) 181: 106 —122

PROTOPLASMA

€ Springer-Verlag 1994
Printed in Austria

Structure and development of the cryptomonad periplast: a review

S. J. Brett**, L. Perassot, and R. Wetherbee*

School of Botany, University of Melbourne, Parkville, Victoria

Received March 30, 1994
Accepted April 30, 1994

Summary. The structure and development of the complex periplast,
or cell covering, of cryptomonads is reviewed. The periplast consists
of the plasma membrane (PM) plus an associated surface periplast
component (SPC) and cytoplasmic or inner periplast component
(IPC). The structure of the SPC and IPC, and their association with
the PM, varies considerably between genera. This review, which
concentrates on cryptomonads with an IPC of discrete plates, dis-
cusses relationships between periplast components and examines the
development of this unique cell covering. Formation and growth of
inner plates occurs throughout the cell cycle from specialized regions
termed anamorphic zones. Crystalline surface plates, which comprise
the SPC in many cryptomonad species, appear to form by self-
assembly of disorganized subunits. In Komma caudata the subunits
are composed of a high molecular weight glycoprotein that is pro-
duced within the endomembrane system and deposited onto the cell
surface within anamorphic zones. The self-assembly of subunits into
highly ordered surface plates appears closely associated with devel-
opmental changes in the underlying IPC and PM.

Keywords: Cryptophyceae; Cell wall; Periplast; Self-assembly; Freeze
fracture-freeze etch.

Introduction

The cryptomonads are a unique group of phytoflagel-
lates, easily distinguished from other microalgae by
their asymmetric shape. The distinctive appearance of
these cells can be attributed, in part, to the possession
of a subapical depression (termed the vestibulum)
which may extend internally to form a gullet (Santore
1987; Hill and Wetherbee 1990; Hill 1991 a, b) or pro-
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gress along the ventral surface into a furrow (Munawar
and Bistricki 1979, Klaveness 1981, 1985, Kugrens et al.
1986). The vestibulum/furrow/gullet complex forms an
important surface feature of all cryptomonad cells, and
three major categories may be recognized within the
group (Kugrens and Lee 1991) (Fig. 1).

The characteristic shape of the cryptomonads is main-
tained by a complex structure termed the periplast,
which is present across most peripheral regions of the
cell but never extends into the vestibulum, furrow or
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Fig. 1 A—C. Organization of the vestibulum (V), furrow (F), and gullet
(G) in the Cryptophyceae. A In Proteomonas, Falcomonas, Plagio-
selmis, and Teleaulax a furrow progresses along the ventral surface
from the vestibulum. B Rhodomonas, Cryptomonas, Capylomonas,
and Geminigera possess both furrow and gullet. C The vestibulum
extends internally to form a gullet in Komma, Chroomonas, Rhino-
monas, Hemiselmis, Guillardia, and Storeatula
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Fig.2 A-D. Variations in inner periplast component (ICP) mor-
phology throughout the Cryptophyceae. A ICP comprising a con-
tinuous sheet of material which is never closely associated with the
PM. Ejectisomes (E) pass through pores in this sheet to contact the
PM. B IPC comprising continuous sheet of material, closely ap-
pressed to the PM. This sheet may occasionally appear separated
from the PM. C IPC consisting of discrete plates which are strongly
attached to the PM at their edges. D IPC of discrete anteriorly stepped
plates closely appressed to the PM. Ejectisome vesicles associate with
PM adjacent to the anterior corners of plates

gullet. The morphology of this organelle differs mark-
edly from the cell wall or cytoskeletal structures of other
phytoflagellates. The general organization is similar in
all cryptomonads, with the periplast consisting of an
inner periplast component (IPC) and an additional sur-
face periplast component (SPC) that support cells via
a close association with the plasma membrane (PM)
(Dodge 1969, Lucas 1970, Gantt 1971, Hibberd et al.
1971, Faust 1974, Santore 1977). Digestion of both the
IPC and SPC using trypsin in several early EM studies
(Gantt 1971, Faust 1974) led to the suggestion that the
periplast components may be proteinaceous, while a
more recent investigation of the composition of the
SPC in a single species revealed a high molecular weight
glycoprotein (Perasso etal. in prep.).

Examination of cryptomonad cells using scanning elec-
tron microscopy (SEM), thin sections and, more re-

cently, freeze-fracture and freeze-etch has enabled ac-
curate determination of periplast morphology in a wide
range of genera. Studies incorporating these techniques
reveal considerable variation in structure and organi-
zation of the IPC and SPC throughout the Crypto-
phyceae.

The IPC, which appears to form the primary structural
elements of the periplast in all cryptomonads, may
consist of a continuous sheet of material situated be-
neath the PM (Grim and Stahelin 1984; Brett and
Wetherbee 1986; Hill and Wetherbee 1986; Wetherbee
etal. 1986, 1987) or comprise a highly ordered system
of discrete internal plates (Gantt 1971; Faust 1974;
Hausmann and Walz 1979; Hill and Wetherbee 1986,
1988, 1989; Kugrens and Lee 1987). These differences,
and further variations in the relationship between IPC
and PM, enable recognition of four major IPC types
within the group (Fig. 2).

Morphology of the SPC also varies markedly between
taxa. Although early workers recognized some differ-
ences in surface organization from thin sectioned ma-
terial (e.g., Santore 1977), detailed examination of the
SPC was not possible until the incorporation of freeze-
etch into the methodology. Use of this technique has
allowed investigation of surface microarchitecture, re-
vealing that the SPC may range from dense mats of
fibrillar material (Fig.3) to complex rosulate scales
(Fig. 4) or highly ordered surface plates (Fig. 5) (Brett
and Wetherbee 1986; Wetherbee et al. 1986, 1987; Hill
and Wetherbee 1986, 1988, 1989, 1990).

In addition to enabling investigation of the gross details
of periplast morphology, use of a combination of EM
techniques (in particular freeze-fracture and freeze-
etch) has revealed an extremely close relationship be-
tween the IPC, PM and SPC in many cryptomonads.
Although the association between these periplast com-
ponents has now been investigated in a wide range of
genera (e.g., Hausmann and Walz 1979; Wetherbee
etal. 1986, 1987; Kugrens and Lee 1987; Hill 1991 a,
b), this review will concentrate on cells with an IPC
composed of discrete internal plates. These crypto-
monads, which include members of eight distinct gen-
era (Table 1), provide model systems for examination
of the interaction between IPC, PM and SPC and have
been used extensively to investigate the mode of de-
velopment of this unique and complex organelle (Brett
and Wetherbee in prep.; Perasso etal. in prep.).

The inner periplast component and the plasma membrane

The plates that comprise the IPC in many cryptomo-
nads often display some variation in shape and orga-
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nization between genera. Details of the IPC, examined
directly using thin sections and indirectly in freeze-
fracture images, show two major types of inner plate
within the group, and reveal differences within each of
these types (Table 1). In most genera the inner plates
are arranged into offset longitudinal rows which pass
from the vestibular margins toward the cell posterior

(Gantt 1971; Hill and Wetherbee 1986, 1988, 1989; Hill
1991 b). These plates are closely appressed to the un-
derside of the PM and are anteriorly stepped, giving
the periplast a serrated appearance in thin-sections
{(Fig. 6). Membrane-bound extrusive organelles (termed
ejectisomes) are normally positioned adjacent to the
anterior corners of each plate, and associate with the
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PM in these regions (Antia etal. 1973; Santore 1977,
1982, 1986, 1987; Meyer and Pienaar 1984; Erata and
Chihara 1989).

A markedly different inner plate organization is char-
acteristic of the genus Cryptomonas. In thin sections
the periplast has a flattened appearance, and the inner
plates appear most intimately associated with the PM
at their edges (Fig. 7). The inner plates and PM com-
monly appear separate from one another in Crypto-
monas although this features may result from shrinkage
during fixation for electron microscopy (Kugrens and
Lee 1987; Kugrens pers. comm., Hill pers. comm.). In
contrast to other genera, the inner plates of Crypto-
monas are not aligned into rows, but instead exhibit a
polygonal (generally hexagonal) arrangement (Hibberd
etal. 1971; Faust 1974; Santore 1977, 1984, 1985; Brett
and Wetherbee 1986; Kugrens and Lee 1987).
Despite the variation in shape and morphology of inner
plates, an extremely close relationship between the IPC
and PM is evident in all genera. Freeze-fractures reveal
that the PM is organized into discrete regions called
domains, which are situated directly above inner plates
(Figs. 8 and 9). The domains are densely packed with
intra-membrane particles (IMPs), and may possess
specialized rows of IMPs in regions where the IPC and
PM are strongly attached (Hausmannn and Walz 1979;
Brett and Wetherbee 1986; Hill and Wetherbee 1986,
1988; Kugrens and Lee 1987). The location and ar-
rangement of attachment sites varies between genera.
In Cryptomonas, particles are evident around the entire
perimeter of each domain (Fig. 8), while in other genera
ordered rows of IMPs are commonly observed along
the posterior margins (Fig. 9).

In contrast to the ordered domains, regions of PM
above the gaps between inner plates contain fewer, less
ordered IMPs. These differences in the IMP organi-
zation suggest that the inner plates may act as a cy-
toskeletal template which directly influences the ar-
rangement of IMPs within the PM.

The cell surface

The use of freeze-fracture/-etch preparation has also
enabled examination of cell surface features and their
relationship to underlying periplast components. In
Cryptomonas and Rhodomonas, the SPC generally con-
sists of elongate fibrils (or scales in Rhodomonas stig-
matica) which form a dense mat across most of the cell
surface (Brett and Wetherbee 1986, Hill and Wetherbee
1989). The arrangement of the SPC in these crypto-
monads does not appear closely linked to the organi-
zation of the underlying PM and IPC. In all other
cryptomonads discussed in this review, however, an
intimate relationship is evident between the SPC, PM
and IPC. The SPC is composed of discrete plates sit-
uated directly above ordered domains in the PM (e.g.,
Fig. 10).

The details of surface plates vary markedly between
genera, and often provide important criteria for the
separation of taxa (Table 1). In Plagioselmis, the sur-
face plates are composed of particulate material and
granular scales (Fig. 11), those of Rhinomonas (Hill and
Wetherbee 1988) are composed of rod-like subunits
with a triangular arrangement (Figs. 12 and 13), while
Komma, Falcomonas, Chroomonas (Hill 1991 a), and
Proteomonas sulcata (haplomorph) (Hill and Wether-

Figs. 3-5. Freeze-etch images of cryptomonad cell surfaces. Bars: Figs. 3 and 5, 0.5 um; Fig. 4, 0.2 um

Fig. 3. The SPC of Proteomonas sulcata (diplomorph), showing a dense mat of elongate fibrils

Fig. 4. Heptagonal scales form the SPC of Geminigera cryophila

Fig. 5. Ordered crystalline plates on the cell surface of Proteomonas sulcata (haplomorph)

Figs. 6 and 7. Thin sections through periplast. Bars: Fig. 6, 0.2 pm; Fig. 7, 0.5 pm

Fig. 6. The IPC of Proteomonas sulcata consists of discrete anteriorly stepped plates. Ejectisome vesicles (E) are located adjacent to the

anterior corners of each inner plate

Fig.7. IPC of Cryptomonas ovata has a flattened appearance in T.S. The discrete inner plates (JPC) appear intimately associated with the
PM at their edges (arrows). Ejectisome vesicles (E) associate with the PM in the gaps between plates

Figs. 8 and 9. Freeze-fracture images of PM. Bars: Fig. 8, 0.5 um; Fig.9, 0.2pm

Fig.8. Polygonal arrangement of PM domains in Crypromonas ovata. PM domains are densely packed with IMPs, and surrounded by a
highly ordered row of particles (arrowheads). Ejectisome vesicles (E) are present adjacent to the corners of domains

Fig.9. A distinct row of IMPs (arrows) defines the posterior margins of PM domains in Proteomonas sulcata (haplomorph). Regions of PM
between adjacent domains contain fewer IMPs and have a pitted appearance
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bee 1986) possess highly ordered crystalline plates
(Figs. 14-17). Crystalline plates are composed of min-
ute subunits precisely arranged into ordered lattices.
Regions of the cell surface between adjacent plates have
a markedly different appearance; they contain partic-
ulate material that may be randomly arranged (Fig. 14),
or aligned into distinct raised borders (Figs. 10 and 14—
17). Close examination of these areas reveals that the
particulate material is similar in size to (and may dis-
play continuity with) the lattice subunits (Figs. 16 and
17).

Recent immunological studies on Komma caudata sug-
gest that subunits which comprise the lattices and bor-
ders of the SPC in this organism are high molecular
weight glycoproteins (Perasso et al. 1994). Monoclonal
antibodies selected for surface labelling recognize both
the crystalline lattices and plate borders, with most
intense labelling occurring in the border regions (e.g.,
Figs. 50-53). Similar observations have also been re-
ported for the Volvocalean alga Lobomonas piriformis,
which possesses a layered cell wall overlain by crys-
talline surface plates surrounded by amorphous bound-
aries (Roberts et al. 1981, Shaw and Hills 1982). Studies
on L. piriformis indicate that subunits at plate edges
are the same as those within the crystalline lattice, and
suggest that conformational changes or biochemical
modification of edge subunits is necessary for incor-
poration into lattices. The intense labelling observed
at the plate borders in both L, periformis and K. caudata
suggests that the epitope recognized by the surface an-
tibody is most accessible when subunits are in the bor-
der conformation (reviewed in Perasso et al. in prep.).
In the cryptomonads, variations in the arrangement of
the border and lattice subunits appear closely associ-
ated with the organization of the underlying IPC and
PM. Lattices are always located directly above ordered
domains and inner plates, whereas the borders are po-
sitioned above gaps in the IPC (Fig. 10). These features
suggest that alignment of the subunits into the crys-
talline lattices may be directly influenced by underlying
IMPs within PM domains. The domains (and IPC) may
act to bind or induce conformational changes in these
molecules that will facilitate their consolidation into
the ordered lattice arrangement.

Arrangement of plate areas across cryptomonad cells

In all the cryptomonads examined in this review, the
inner plates, PM domains and associated surface struc-
tures from discrete regions termed plate areas (Gantt
1971). The plate areas are present in most regions of

the cell periphery but do not extend into the vestibulum,
furrow or gullet. These regions are bounded only by
PM, which contains few IMPs and has a disordered
appearance in freeze-fracture images (Figs. 18 and 19).
Elsewhere, however, plate areas form a highly ordered
system.

Studies using SEM and freeze-fracture/-etch have al-
lowed detailed investigation of periplast arrangement
and reveal considerable variation in the size (and to
some extent shape) of these plate areas across cryp-
tomonad cells (Brett and Wetherbee in prep.). In all
cryptomonads examined using these techniques, plate
areas appear largest in the equatorial regions, and are
generally reduced in size as cells taper toward the an-
terior and posterior (Figs. 18-21). In addition to these
variations in size, the arrangement of plate areas across
the ventral surface is often highly specialized. The per-
iplast is commonly separated along the mid-ventral
line, with plate areas adjacent to this region reduced
in size and modified in shape (Figs.18, 22, and 23).
Although this unusual arrangement is most conspic-
uous in cryptomonads which possess a furrow, sepa-
ration of the periplast along the entire mid-ventral line
is evident in all genera discussed here except Komma
and Chroomonas. Further modifications in the arrange-
ment of plate areas are also observed in the posterior
of cryptomonad cells. The periplast may be absent from
this region, or alternately may terminate adjacent to
specialized features including the raphe (Gantt 1971,
Hill 1991 a), tail plate (Hill 1991 a), or mid-ventral band
(Hill and Wetherbee 1986, 1989; Hill 1991 a).

Changes in periplast arrangement
throughout the cell cycle

Recent studies have directed attention to changes in
periplast arrangement and organization throughout the
cell cycle (Brett and Wetherbee in prep.). These reports
reveal that substantial development of the periplast
occurs during cytokinesis, and also following division
as cells enlarge and mature. Cell division in the cryp-
tomonads (Perasso et al. 1992, 1993) involves a unique
process termed pole reversal. During cytokinesis the
tail regions of daughter cells develop from the anterior
of the parental cell, necessitating complete realignment
of the periplast. Although slight variations occur be-
tween cryptomonad genera, the major features of this
unusual mode of cell division are similar throughout
the group, and are described here for K. caudata.

At the onset of division, flagella replication occurs in
the vestibulum, and lateral expansion of cells is ap-
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parent (Figs. 24 and 25). The periplast separates along
the mid-ventral line progressing from the vestibulum
toward the cell posterior. The edges of the periplast
exposed during this process form specialized regions,
termed anamorphic zones, which undergo develop-
mental changes both during and after cytokinesis. As
the ventral surface divides, these regions, as well as

additional anamorphic zones located around the ves-
tibular margins, expand and realign (Figs. 26-28). Dis-
tinct pointed structures form where the anamorphic
zones converge, and eventually develop into the tail
regions of daughter cells, The dorsal surface then di-
vides, the forming tail regions migrate laterally
(Figs. 29-31} and rotation of cell halves relative to one

Fig. 10. Freeze-fracture/-etch of Proteomonas sulcata (haplomorph). The cell surface consists of ordered crystalline plates, surrounded by
distinet raised borders (b). The plates are located directly above PM domains, while borders are located above less ordered regions of PM
(arrows); 0.5 um

Figs. 11-17. Freeze-ctch images of cryptomonad cell surfaces. Bars: Figs. 11 and 13-15, 0.5pm; Fig. 12, 0.2 um; Figs. 16 and 17, 0.1 pm

Fig. 11. The surface plates of Plagioselmis prolonga are covered in particulate material and granular scales (s). Plates are surrounded by raised
borders (b)

Fig. 12. Surface plates of Rhinomonas pauca consisting of rod-like subunits with a triangular arrangement. Border regions () are composed
of elongate subunits

Fig. 13. Arrangement of surface plates in Rhinomonas pauca

Fig. 14, SPC of Falcomonas daucoides. The crystalline plates are composed of minute subunits. Border regions (b) contain disordered particulate
material

Fig. 15. The crystalline plates of Proteomonas sulcata (haplomorph) are surrounded by distinct raised borders (b). Scales are also evident on
plate surfaces (s)

Fig. 16. Detail of crystalline plate of Proteomonas sulcata (haplomorph) showing ordered arrangement of subunits. Border (b) subunits may
occasionally appear continuous with those of the lattice (arrow)

Fig. 17. SPC of Komma caudata showing continuity between lattice and border (6) subunits
Figs. 18-21, Freeze-fracture images (PF) of Proteomonas sulcata (haplomorph). Bars: Figs. 18 and 21, 0.5 pm; Fig. 19, 0.2 pm; Fig. 20, 1 um

Fig. 18. Ventral surface of cell, showing reduced PM domains adjacent to the vestibulum (¥) and furrow (Fu). A mid-ventral band (MF)
extends posteriorly from the furrow

Fig. 19, Small PM domains (arrows) at the margins of the vestibulum (V)

Fig.20. The MV passes along the mid-ventral line to the cell posterior. Regions of PM adjacent to this structure contain few, randomly
arranged IMPs (stars), PM domains are smallest at the edges of the periplast (arrow)

Fig.21. Small PM domains (arrows) at the margins of the periplast adjacent to the mid-ventral line in the cell posterior
Figs. 22 and 23. Freeze-fracture images (PF) of Rhinomonas pauca. Bars: 0.5pum

Fig. 22. Ventral surface showing reduced size of PM domains (arrows) adjacent to the mid-ventral line. This specialization passes from the
" vestibulum {¥) to cell posterior

Fig. 23. Small PM domains along mid-ventral line (line} appear less rigidly organized than adjacent domains
Figs. 24-32. SEM images of Komra caudata during cell division. Bars: 2 ym
Figs. 24 and 25, Periplast separates along the mid-ventral line at onset of division. Lateral expansion of cells occurs

Figs. 26-28. Mid-ventral (mva) and vestibular (za) anamorphic zones expand and realign. Pointed tail regions form where the anamorphic
zones converge (large arrows). Periplast develops a flattened appearance

Figs. 29-31. Forming tail regions separate laterally and dorsal surface divides. Anamorphic zones align along the mid-ventral line of forming
daughter cells (arrowheads)

Fig. 32. Cell halves rotate to facilitate separation
Figs. 33-35, SEM images of Komma caudata following cell division. Bars: 2um

Fig. 33. Periplast of daughter cells is highly ordered but divided along the mid-ventral line. Small plate areas are evident adjacent to this
region

Fig. 34, As cells enlarge the periplast becomes continuous across the ventral surface

Fig. 35. Mature cell showing well defined vestibulum, and increase in number of plate areas comprising the periplast
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another facilitates separation (Fig.32). Further rea-
lignment of the anamorphic zones occurs, and these
eventually position on either side of the mid-ventral
line of developing daughter cells (Figs. 32 and 33).
The unusual mode of cell division in the cryptomonads,
involving reorientation of daughter cells relative to the
parental cell, necessitates major changes in the periplast
in many cryptomonads (Brett and Wetherbee 1994 a).
In cells with anteriorly stepped plate areas, the periplast
persists, but develops a flattened appearance during
cell division (Figs. 27-32). The plate areas remain pre-
cisely aligned throughout this process, and after cy-
tokinesis adopt a polarity consistent with the newly
formed daughter cell. Although the process of periplast
reorientation is not fully understood, detailed exami-
nation of cells using thin sections and freeze-fracture/
-etch suggests that realignment may be facilitated by
relocation of the attachment sites between inner plates
and the PM (Brett and Wetherbee in prep.).
Following cell division, daughter cells are substantially
smaller than their parental counterparts, the vestibular
margins are indistinct and the periplast is always di-
vided along the mid-ventral line (Fig. 33). As cells en-
large and mature the vestibulum/furrow/gullet complex
becomes more clearly defined, and changes in periplast
organization occur. In Komma (Figs. 34 and 35) and
Chroomonas the periplast becomes continuous across
the ventral surface as the gullet develops, although in
all other organisms the periplast remains separated
along the mid-ventral line throughout the cell cycle
(Figs. 36-39).

The elongation and lateral expansion of cells that oc-
curs after division is associated with an increase in the
number of plate areas comprising the periplast
(Figs. 33-39). The periplast remains precisely aligned
throughout this process, suggesting that growth occurs
in an orderly manner by addition of new plate areas
to anamorphic zones (Brett and Wetherbee in prep.).
In most genera elongation results from addition of new
plate areas to anamorphic zones around the vestibulum
and in the posterior, while lateral expansion is facili-
tated by growth and addition from the mid-ventral line
(Figs. 36-39). Growth from these anamorphic zones
appears to enable highly ordered expansion of cryp-
tomonads throughout the entire cell cycle. The absence
of mid-ventral specializations in Komma (Figs. 34 and
35) suggests, however, that lateral expansion in this
genus may occur by the enlargement of existing plates
in the ventral regions of the cell.

Formation and development of the inner plates

The general changes in the arrangement of plate areas
revealed in the SEM studies provided a basis for more
detailed investigation of periplast development. Sub-
sequent work (which indirectly examined the formation
and growth of the inner periplast plates using freeze
fracture images) revealed variations in the size, orga-
nization and alignment of PM domains within ana-
morphic zones (Brett and Wetherbee in prep.). Despite
differences in the morphology of the inner plates be-
tween genera, similar features were observed in all cryp-
tomonads examined.

Figs. 36-39. SEM images of Proteomonas sulcata (haplomorph) following cell division. Bars: 1 pm

Fig. 36. Immediately after cell division vestibular margins and furrow are not clearly defined. Periplast is highly ordered but has a flattened

appearance

Fig. 37. As cells enlarge the anteriorly stepped periplast polarity becomes evident

Fig.38. An increase in number of plate areas comprising the periplast occurs as cells enlarge. Periplast remains highly ordered as growth

occurs

Fig. 39. The periplast remains divided along the mid-ventral line throughout the cell cycle. Growth of the periplast occurs by addition of
new plate areas from anamorphic zones around vestibulum, mid-ventral line and cell posterior (arrowheads)

Figs. 40 and 41, Freeze-fracture images (PF) of Cryptomonas ovata. Bars: 0.5 um

Fig. 40. PM domains around anamorphic zones are smaller and less rigidly ordered than in other regions of the cell

Fig. 41. Gradation in the size of PM domains adjacent to vestibulum (¥)

Figs. 42 and 43. Freeze-fracture images (EF) of Rhodomonas balrica. Bars: 0.2 pm

Fig. 42. Vestibular anamorphic zone at onset of division. PM domains show variations in size and irregular alignment

Fig. 43. Mid-ventral line at onset of division. Periplast is distinctly divided in this region and small PM domains are located at edges of the

anamorphic zone (arrows)
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The PM domains within anamorphic zones range over
a continuum from minute accumulations or circular
aggregates of IMPs to larger, more rigidly ordered re-
gions densely packed with IMPs and possessing spe-

icalized attachment sites. Although most conspicuous
in dividing and newly formed cells (Figs. 40-43), similar
variations are evident adjacent to anamorphic zones
throughout the cell cycle (Figs. 18-23). The distinct
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Figs. 4447, Freeze-etch images around anamorphic zones in Falcomonas daucoides. Bars: Fig. 44, 0.5 um; Fig. 45, 0.2 um; Figs. 46 and 47,
0.1uym

Fig. 44. Surface plates adjacent to the mid-ventral anamorphic zone {mwa) are reduced in size (arrows). Surrounding regions of cell surface
contain disordered particles and elongate fibrils

Fig. 45. Particulate material adjacent to the periplast may align into loose aggregates. The plate edges are often indistinct, and closely associated
with this material

Figs. 46 and 47. Surrounding surface particles are similar in size, and often appear continuous with subunits of the crystalline surface lattices
Figs. 48 and 49. Freeze-etch images around anamorphic zones in Proteamonas suleata (haplomorph). Bars: 0.2 ym
Fig. 48. Vestibular anamorphic zone. Surface plates are reduced in size (arrows), but are surrounded by distinet raised borders

Fig. 49. Vestibular anamorphic zone (¥4) in dividing cell. The lattice subunits, borders subunits (5) and less ordered particulate material
may occasionally appear continuous during rapid periplast development (arrows)
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gradation in the size of domains within these regions
indicates that growth of the periplast does not occur
by addition of large, fully formed inner plates at the
edges of the IPC. The features observed suggest, in-
stead, that the inner plates form de novo and undergo
considerable enlargement within these specialized ana-
morphic zones. Variations in the spacing and arrange-
ment of PM domains in developing cells (Figs. 40, 42,
and 43) imply that the inner plates develop indepen-
dently, and are capable of some movement relative to
one another as they align within the highly ordered
periplast.

Development of crystalline surface plates

The intimate relationship between IPC, PM and SPC
in the cryptomonads suggests that the development of
crystalline surface plates may be closely linked to the
formation and growth of the inner plates within ana-
morphic zones. The unique SPC of Falcomonas dau-
coides, comprising crystalline surface plates which lack
distinct borders (Hill 1991 a), provides a model system
for investigation of features associated with lattice de-
velopment (Brett and Wetherbee in prep.). Examina-
tion of this organism reveals that surface plates within
anamorphic zones are commonly reduced in size, and
surrounding areas of the cell surface are covered with
disordered particulate material (Figs. 44 and 45). The
surface particles are similar in size to lattice subunits,
and may be aligned into loose aggregates or closely
associated with the edges of periplast plates (Figs. 45~
47). Plate margins are often indistinct and surface par-
ticles adjacent to these regions may appear continuous
with, and are often indistinguishable from, lattice sub-
units.

The close relationship between the particulate material
and lattice subunits suggests that development of the
crystalline surface may occur by accumulation and in-
corporation of less ordered precursors from surround-
ing regions of the cell surface. After formation of these
crystalline plates, enlargement and growth appears fa-
cilitated by addition of subunits to the lattice edges.
Detailed studies of bacteria (for reviews, see Sleytr and
Messner 1983, Messner and Sleytr 1992) and L. piri-
Jormis (Roberts etal. 1981, Shaw and Hills 1982) de-
scribe a similar mode of lattice development and sug-
gest that conformational changes occur to precursor
molecules during addition. As stated above, the close
spatial relationship between the organization of the
IPC, PM and SPC in the cryptomonads suggests that
the formation and enlargement of surface plates may

be intimately associated with developmental changes
in the IPC and PM. Growth of the inner plates and
related expansion of PM domains, may induce changes
in the precursor molecules which enable incorporation
into the highly ordered lattice.

Although the relatively simple arrangement of the SPC
in F. daucoides provides an ideal system for exami-
nation of lattice assembly, the crystalline surface plates
in other genera are generally surrounded by distinct
raised borders (Figs.48 and 49) (Hill and Wetherbee
1986, Hill 1991 a). Consequently, growth of these lat-
tices during self-assembly does not appear to occur by
direct addition of disordered precursors from sur-
rounding regions of the cell surface. The continuity
between borders and lattices in these organisms
(Figs. 16, 17, and 49) suggests, instead, that subunits
may be rearranged. For example, subunits previously
within a border may subsequently become incorporated
into the highly ordered surface plates during devel-
opment (Brett and Wetherbee in prep.). The close re-
lationship between the organization of the SPC and
underlying periplast components indicates that incor-
poration of border subunits into the lattices during self-
assembly may be closely associated with the growth of
inner plates and PM domains.

The immunological work of Perasso etal. (in prep.)
also suggests similarities between the components com-
prising the lattices, borders and less ordered regions of
the cell surface. These studies indicate that the subunits
which form the SPC are produced in the Golgi ap-
paratus and secreted through the endomembrane sys-
tem for deployment at the edges of the periplast (Figs.
50-53). Examination of K. caudaia through the cell
cycle reveals that deposition of these macromolecules
occurs predominantly within anamorphic zones, where
the majority of lattice formation occurs.

Conclusions

The complexity of the cryptomonad periplast has ne-
cessitated use of a wide range of techniques to accu-
rately determine morphology of the IPC, PM and SPC.
Although general features of periplast structure and
arrangement may be determined using thin sections and
SEM, the use of freeze-fracture/-etch has greatly en-
hanced the understanding of this unique organelle.
Studies incorporating these techniques reveal consid-
erable diversity throughout the Cryptophyceae and
provide important characters for taxonomic distinc-
tions within the group. The detailed information about
PM and surface microarchitecture available from these
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reports has also enabled examination of the complex
relationships between components comprising the peri-
plast.

The cells discussed in this review all possess an IPC of
discrete plates, and have proven ideal systems for in-
vestigation of the association between IPC, PM, and
SPC. In all these organisms the PM is ordered into
discrete domains which are situated directly above the
inner periplast plates. In contrast, regions of the PM
not supported by the IPC generally contain fewer IMPs
and appear less ordered. The IPC-PM association sug-
gests that the inner plates are cytoskeletal, and may
influence the arrangement of IMPs within the PM.
Organization of the crystalline surface plates found in
many cryptomonad genera also appears closely asso-
ciated with that of the underlying components. The
location of these plates directly above ordered PM do-
mains suggests that the PM, and ultimately the IPC,
may influence the alignment of subunits within surface
lattices.

Development of both the TPC and SPC occurs from
specialized anamorphic zones throughout the cell cycle.
Unlike the wall components of many microalgal
groups, fully formed inner and surface plates are not
pre-packaged within cytoplasmic vesicles for later ad-
dition to the periplast. Instead the inner periplast plates
appear to form de novo and undergo considerable en-
largement within anamorphic zones. Growth of the
crystalline surface lattices, which occurs by addition
and incorporation of less ordered precursors from sur-
rounding surface areas, may be closely associated with
this process. The intimate relationship between IPC,
PM, and SPC suggests that growth of inner plates and
PM domains may result in modifications which enable
incorporation of precursor molecules into the highly
organized surface lattices. The precise mode of for-
mation may be more fully understood as further details
of periplast chemistry are revealed.
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