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Intercellular nutrient and signal transduction are essential to sustaining multicellular organisms and maximizing the
benefits of multicellularity. It has long been believed that red algal intercellular transport of macromolecules is prevented
by the protein-rich pit plug within pit-connections, the only physical connection between cells. Fluorescein isothiocyanate-dextran and recombinant green fluorescence protein (rGFP) of various molecular sizes were injected into vegetative
cells of Griffithsia monilis using a micromanipulator, and intercellular transport of the fluorescent probes was examined.
Pit-connections were found to provide intercellular transport of tracers at rates comparable to plasmodesmata in other
organisms. The time necessary for the transport to an adjacent cell was dependent on the molecular size and the direction of the transport. Fluorescent dextran of 3 kDa was transported to adjacent cells in 1–2 h after injection and migrated
to all cells of the filament within 24 h, but fluorescent dextran of 10–20 kDa took 24 h to transfer to neighboring cells. The
migration occurred faster towards adjacent reproductive cells and to apical cells than basally. Fluorescent tracers above
40 kDa and rGFP was not transported to neighboring cells, but accumulated near the pit plug. Our results suggest that
pit-connections are conduit for macromolecules between neighboring cells and that these size-specific conduits allow
intercellular communication between the vegetative cells of red algae.
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INTRODUCTION
Multicellularity is one of the most prevalent evolutionary innovations and has evolved multiple times (Miller
2010). It has been believed that the physical adhesion of
cells to build a larger unit enables the organism to survive
better in ever-changing environments and affords a better defence against various stressors (Boraas et al. 1998,

Justice et al. 2008, Lyons and Kolter 2015, Kuzdzal‐Fick et
al. 2019). Modern models for the evolution of multicellularity are based on the concept of division of labor, typically between vegetative and reproductive cells (Ispolatov et al. 2012). The intercellular transfer of nutrients and
signals is necessary to achieve division of labor between
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cells. Multicellular eukaryotic organisms have evolved
gap junctions or plasmodesmata as intercellular routes
for cytoplasmic substances and signaling molecules between adjacent cells (Nagasato et al. 2017). Plasmodesmata ensure a continuum of cytoplasmic communication while regulating the transport of macromolecules
between cells (Lee 2014).
Plasmodesmata have been well documented in land
plants, some green algae, and analogous structures in
brown algae (reviewed in Robards and Lucas 1990, Raven 1997). Some plasmodesmata contain desmotubules,
which are tubular strands of connecting endoplasmic
reticulum (Ding et al. 1992). Small molecules, such as
inorganic ions, hormones, metabolites, as well as macromolecules, including RNAs and proteins, are transported
through plasmodesmata (Lucas et al. 1995, McLean et
al. 1997, Kim et al. 2005). Early studies using microinjection of fluorescent tracers showed that the transferable
molecular size limit across plant plasmodesmata is approximately 1–3 kDa (Erwee and Goodwin 1983, Goodwin 1983, Terry and Robards 1987, Kempers et al. 1993),
but accumulating evidence showed that some plants
adjust the sizes of plasmodesmata apertures in response
to biotic and abiotic stress, thereby regulating the size of
molecules that are transported between cells (Lee 2014).
The transport of green fluorescent proteins (GFP) with a
molecular size of 27 kDa has been observed to move to
neighboring cells through plasmodesmata (Liarzi and
Epel 2005). The permeability of plasmodesmata also
changes when the intracellular calcium level is different
between adjacent cells (Su et al. 2010).
Red algae are a group of mostly multicellular organisms
that evolved multicellularity independently (Gawryluk et
al. 2019). Red algae are different from other multicellular
plants and algae in lacking any structures similar to plasmodesmata (Bouck 1962). Instead, red algae have a pitconnection between cells. Pit-connections are formed
between two daughter cells by an incomplete centripetal
infurrowing of the plasmalemma. Cytokinesis is therefore
incomplete, leaving a pore or connection, which is subsequently ‘plugged’ with various proteinaceous, or other,
materials (the pit plug) (e.g., Pueschel 1990). Pit-connections do not permit cytoplasmic continuity between cells
as the pit plug tightly occludes the connection. Variation
in pit plug morphology is seen in the number of cap layers on either end of the plug core, the morphology of the
outer cap layer, if present, and the presence or absence of
a cap membrane across each end of the pit plug (see Pueschel 1990). Pit plugs without surrounding membranes
were observed in particular cells of female gametophytes
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connected to the nutrient-dependent carposporophyte
(Broadwater and Scott 1982, Tsekos and Schnepf 1985).
It has long been proposed that this type of pit-connection
may serve as a “transfer connection” interconnecting
vegetative and reproductive cells and enhancing nutrient
transport as it becomes more pronounced in reproductive cells after fertilization (Wetherbee 1979). However,
no experimental evidence showed that pit-connection,
the only physical connection between cells, acts as conduits between these specialized cell types.
Indirect evidence of intercellular transport between red
algal cells has been reported in Griffithsia sp. (Koslowsky
and Waaland 1984, 1987). A cytoplasmic incompatibility
factor was found to move by diffusion from a hybrid somatic cell to adjacent cells, but the authors did not claim
pit-connections as the intercellular passage (Koslowsky
and Waaland 1987). Electric coupling was observed between Griffithsia cells, but a dye coupling or movement
of cobalt ions through pit plug was not observed (Bauman and Jones 1986). Thus, no experimental evidence
unequivocally shows that pit-connections act as conduits
between vegetative cells.
In this study, we hypothesized that the pit-connection is a junction that the intercellular transport occurs
between vegetative cells of red algae and is functionally
analogous to plasmodesmata. We examined the movement of macromolecules of various sizes across the pitconnection by using microinjection of fluorescent tracers
in Griffithsia monilis cells.

MATERIALS AND METHODS
Plant material and laboratory culture
A male strain of G. monilis was provided by Prof. J. A.
West in 2008 and kept in laboratory culture until use. Cultures were maintained in IMR medium (Klochkova et al.
2006) at 15°C, 14 : 10 h LD cycle and 30 µmol photons m-2
s-1 flux density.

Preparation of recombinant green fluorescent
protein
Recombinant plasmids for GFP expression were constructed by ligating the polymerase chain reaction product into pCold II DNA vector (TaKaRa, Shiga, Japan) as
described by Nagasato et al. (2017). Plasmids were digested with XbaI and SacI enzymes. BL21 competent cells
(TaKaRa) were transformed with the recombinant plas-
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Fig. 1. Diffusion of 3 kDa fluorescein isothiocyanate-dextran (FD) probe in different cells of Griffithsia monilis and its transfer to the neighboring

cells over a time course. The same cells are shown in paired images: on the left viewed by bright field optics and on the right by fluorescence. (A & B)
Diffusion of FD in the cell 30 min after injection. FD began to diffuse from the injection site ( ). Note the apical part of the cell and pit-connection
area (p) are brighter than other parts of the cell. (C & D) Transfer of FD to adjacent reproductive cells 1 h after injection. Spermatangial cells (s)
that develop on the shoulder of adjacent vegetative cells are already fluorescent. (E & F) Transfer of FD to adjacent apical cells observed 2 h after
injection. (G & H) Transfer of FD to adjacent apical cells and spermatangial cells 3 h after injection. The spermatangial cells stained brighter. (I–K)
FD was transported to the next cells in 6 h after injection. Dashed arrows show direction in which the probe transferred to the neighboring cells.
Scale bars represent: B, D, F, H & K, 200 µm.

mids. Protein expression and purification (His TALON
Gravity Column purification kit; Clontech Laboratories,
Mountain View, CA, USA) were carried out according to
the manufacturer’s protocols.

and a three-axis joystick oil hydraulic micromanipulator
(MO-202; Narishige) were coupled to an Olympus IX71
inverted microscope (Olympus, Tokyo, Japan). Fine glass
needles were produced by pulling glass capillaries (GDC1; Narishige) with a microcapillary Faller MCF-100 (Nepa
Gene Co., Ltd., Tokyo, Japan). Fluorescein isothiocyanate-dextran (FD; Invitrogen-Molecular Probes, Carlsbad, CA, USA) of four different molecular sizes (3, 10, 20,
and 40 kDa) and recombinant green fluorescence protein
(rGFP) were used for injection experiments. An injection solution composed of 0.2 mM KCl, 10 mM HEPES,
and 0.55 M mannitol at pH 7.0 (Farnham et al. 2013) was

Microinjection of fluorescent probes
Filaments of G. monilis were embedded in 1% lowmelting-point agarose in seawater (Type VII; Sigma Chemical Co., St. Louis, MO, USA) and mounted on slides
before microinjection. Micromanipulators consisting of
a coarse manipulator (MN-4; Narishige, Tokyo, Japan)
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Fig. 2. Diffusion and transport of 3 kDa fluorescein isothiocyanate-dextran (FD) probe in regenerated rhizoidal cells after wounding. The same

cells are shown in paired images: on the left by bright field optics and on the right by fluorescence. (A & B) Transfer to rhizoidal cell of FD was not
observed 4 h after injection. (C & D) Transfer of FD was observed in the regenerated rhizoidal cell 12 h after injection. (E & F) When the FD injected
cell died from the wound most FD was transferred to growing rhizoidal cell in 48 h. (G & H) FD was transported to all cells in the filament in 4 days.
, injection site; p, pit-connection area; r, regenerated rhizoidal cell. Scale bars represent: B, D & F, 200 µm; H, 500 µm.

mixed with the fluorescent tracers to give a final tracer
concentration of 1 mg mL-1. Along with the tracer, ionic
liquid (SW-25; Nepa Gene Co., Ltd.), a laser absorbent,
and a UV absorbent (WF-25; Nepa Gene Co., Ltd.) were
added to the glass needle. Micromanipulation was performed by a laser thermal microinjector LTM-1000 (Nepa
Gene Co., Ltd.). We injected 10–20 cells in different plants
in each experiment (3, 10, 20, and 40 kDa). The intercellular movement of the fluorescent tracers was observed under an epifluorescence microscope (BX50W-FL; Olympus) equipped with differential interference contrast.
Images were captured using a CCD camera (AxioCam;
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Zeiss, Jena, Germany) over a time course, and digital images were converted with AxioVision 4.8 (Zeiss) and Photoshop Elements 10 (Adobe Systems, San Jose, CA, USA)
for the final image presentation.

RESULTS
We found that macromolecules, up to 20 kDa, can be
transported between different cells in G. monilis (Fig. 1).
In most cases, tracers were only injected into the parietal cytoplasmic layer of the cell as cell collapse occurred
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Fig. 3. Diffusion and transport of 10 and 20 kDa fluorescein isothiocyanate-dextran (FD) probes in cells of Griffithsia monilis and their transfer to

the neighboring cells over a time course. (A & B) Diffusion of 10 kDa FD occurred slowly in the cell and most probe remained at the injected area 1
h after injection. (C & D) Transfer of 10 kDa FD to neighboring cell did not occur until 3 h after injection. The pit-connection is brighter than other
parts of the cell. (E & F) Diffusion of 10 kDa FD occurred slowly in the apical cell 3 h after injection. (G & H) Transfer of 10 kDa FD to the next cell occurred 24 h after injection. Note the fluorescence in the apical cell is much stronger than the other cells. (I & J) the probe was in turn transmitted
to all other cells in the filament in a week. (K & L) the transfer of 10 kDa FD a week after injection. Large portion of the probe still remained in the
injected apical cell. (M–P) Transfer of 20 kDa FD from the apical cell. Only a small portion of the probe was transmitted to adjacent cells 24 h after
injection. , injection site; p, pit-connection area. Scale bars represent: B, D, F, H & P, 500 µm; J & L, 200 µm.
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Fig. 4. Diffusion and transport of 40 kDa fluorescein isothiocyanate-dextran (FD) probes in the cells of Griffithsia monilis over a time course. (A &

B) The probes diffused evenly in the injected cell in 3 h. (C & D) Fluorescence was detected in cell newly divided from the injected cell. (E & F) The
probe was not transmitted to the adjacent cell but some fluorescence appeared at pit-connection area (p) 24 h after injection. (G & H) The probes
remained in the injected cell for 10 days. (I & J) Pit-connection area connecting regenerated repair rhizoidal cell showing strong fluorescence
around pit plug 48 h after injection. (K & L) Pit-connection area connecting regenerated repair rhizoidal cell 1 week after injection. , injection
site. Scale bars represent: B, D, F, H, J & L, 200 µm.

when the microinjector needle was pushed deep into the
central vacuole. FD began to diffuse from the injected site
to fill the entire cell within 30 min (Fig. 1A & B). The apical
parts of the cell and the pit-connection area accumulated
more tracer than other parts of the cell (Fig. 1B). At this
time, strongly fluorescing spots were observed within the
parietal cytoplasm which appears to be a result of refraction occurring when the fluorescence of the tracer passes
through the dense nucleus (Fig. 1B). Transfer of FD to adjacent reproductive cells was observed 1 h after injection
(Fig. 1C & D). Spermatangial reproductive cells, which
develop on the shoulder of vegetative cells, became fluorescent faster than adjacent vegetative cells (Fig. 1D).
Transfer of FD to adjacent apical cells was observed in
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2 h (Fig. 1E & F). FD accumulation was higher in adjacent
spermatangial cells than in the adjacent vegetative cells
also 3 h after injection (Fig. 1G & H). FD was in turn transmitted apically over cells 6 h after injection (Fig. 1I–K).
To observe whether the FD spontaneously leaked into
the wound site, the filaments were cut and 3 kDa FD was
injected into the basal cell adjacent to the wound (Fig. 2).
FD transport to regenerated rhizoidal cells occurred, but
at a much slower pace; no FD was detected after 4 h (Fig.
2A & B), but it was present throughout the rhizoid by 12 h
(Fig. 2C & D). When the FD injected cell, next to the rhizoid, died, increased accumulation of FD was observed
in the growing rhizoidal cell in 48 h (Fig. 2E & F). In most
case, 3 kDa FD was detected in all cells in the filament a
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Fig. 5. Diffusion of recombinant green fluorescent protein (rGFP) in Griffithsia monilis cells over time. The same cells are shown in paired images:
on the left viewed by bright field optics and on the right by fluorescence. (A & B) Injected rGFP localized around the injected site ( ) 30 min after
injection. (C & D) Diffusion of rGFP occurred 1 h after injection. (E & F) Fluorescence of the injected rGFP significantly diminished in 24 h after injection. Transfer of rGFP to adjacent cell did not occur except some fluorescence around pit-connection. Scale bar represents: 100 µm.

week after injection especially around pit plugs (Fig. 2G
& H). No cytoplasmic streaming has not been observed
in G. monilis cells. The injected plants could survive, with
no visible damage for several weeks, if not subjected to
excessive fluorescent light.
When injected with 10 and 20 kDa FD, intracellular diffusion as well as intercellular transport occurred much
more slowly than with 3 kDa FD (Fig. 3). Fluorescent
probes diffused slowly and remained around the injected
site 30 min after injection (Fig. 3A & B). Migration of 10
kDa FD to adjacent cells was not observed until 3 h after
injection, but adjacent pit-connections became brighter
than other parts of the cell (Fig. 3C & D). Even when the
probe was injected into small apical cells, diffusion progressed slowly (Fig. 3E & F). Migration of 10 kDa FD to

the adjacent cells was observed within 24 h after injection
(Fig. 3G & H). The probes transferred to 5–6 cells from the
injected cell in a week (Fig. 3I & J), but a large fraction
of 10 kDa FD remained in the injected cell 1 week after
injection (Fig. 3K & L). A small portion of the injected 20
kDa FD was transported to an adjacent cell within 24 h
(Fig. 3M–P). Transport ceased in the next cells, and no
further migration to subsequent cells, was observed 1
week after injection.
Fluorescent probes above 40 kDa were not transported
to the adjacent cells (Fig. 4). Although the probes spread
evenly in the injected cell within 3 h (Fig. 4A & B), no
transfer to the neighboring cells was observed, except
when the injected cell divided (Fig. 4C & D). The fluorescent probes began to appear near pit-connections 24 h
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after injection (Fig. 4E & F), but the probes were not transmitted further and remained in the injected cell up to 10
days after injection (Fig. 4G & H). When a regenerating
rhizoid cell was induced to form by cutting off the basal
cell from the injected cell, strong accumulation of the
fluorescent probes was observed near pit-connections
within 48 h after injection (Fig. 4J & L).
Recombinant green fluorescence protein was injected
into the apical cells and intercellular translocation was
observed (Fig. 5). The molecular weight of rGFP was almost 30 kDa on sodium dodecyl sulfate polyacrylamide
gel electrophoresis (Nagasato et al. 2017). rGFP spread in
the injected cell within 3 h similar to FD (Fig. 5D). Migration of rGFP to the neighboring cells was not observed
24 h after injection and most fluorescence disappeared in
the injected cell except some fluorescence near pit-connections (Fig. 5F).

boring cells could facilitate the movement of substances
through this gap. In dividing and expanding cells of G. monilis, a difference in intercellular pressure could be generated between expanded and expanding cells. Fluorescent
tracers were transported faster towards the growing tips
and reproductive cells, supporting this hypothesis. The
full mechanism of this transport and the movement past
the pit plugs needs further elucidation.
Our results suggested that the movement of macromolecules within the cytoplasm or through the pit plug
may not be simply due to diffusion. Red algae do not exhibit the rapid cytoplasmic streaming observed in cells
of many other multicellular organisms (Goff and Coleman 1987, Pueschel 1990). Due to the physical size of the
injected cells, being on the order of 100–300 µm and in
the absence of detectable cytoplasmic streaming in G.
monilis cells the times involved for intracellular diffusion of F-dextran and rGFP molecules would be long. If
the movement of molecules is solely by diffusion a signal
gradient would be predicted, with a high intensity at the
microinjection sites falling to a weaker signal at the opposite sides of the cell. However, we observed that tracer
spread in the injected cell fast and tracer signals accumulated unevenly in the cytoplasm, for example adjacent
to the pit-connection and in newly forming cells. Such
patterns suggest the presence of a more complex process
than simple diffusion-based movement of the test probe.
Previous freeze-etch study on the ultrastructure of pit
plugs showed membranous particles that could represent transport proteins (Pueschel 1977). Future microinjection studies using cytoskeletal inhibitors may provide
hints for this transport system.
The size exclusion limit of pit-connection was comparable to that of plasmodesmata reported in plants. Our
results showed that fluorescent tracers with size over 20
kDa can be transported among adjacent cells. Pit-connections in red algae appear to be a transport system
analogous to those in plants and animals, and can aid in
cellular communication and coordination in multicellular red algae. Further study is necessary to elucidate the
mechanism by which pit-connections regulate intercellular transport between normal vegetative cells and how
regulation might be modified during the differentiation
of specialized reproductive cells.

DISCUSSION
Our results showed that pit-connections are conduit
for molecules between adjacent cells and that these conduits allow intercellular communication in multicellular
red algae. The function of pit-connections is key to understanding the successful evolution of multicellularity
in red algae. The pit-connection is the only place where
two adjacent cells are interconnected. Ultrastructural
studies showed that the pit plug, tightly fitting in the
center of the pit-connection, appears to be a formidable
barrier for the intercellular transport of any macromolecules (Pueschel 1987, 1990), but their appearance is not
evidence that it doesn’t occur. Pit-connections have long
been suspected to be involved in the transfer of materials between cells (Wetherbee 1979), particularly between
colorless red algal parasites and their photosynthetic red
algal hosts, connected only by secondary pit-connections
(i.e., Wetherbee and Quirk 1982, Goff et al. 1996). However, the structural diversity of pit plugs, membranes as
well as caps on some pit plugs, complicates the notion of
the function of pit-connection as conduits of transport. It
has been generally assumed that, if there is any intercellular transports in red algae, only ions, small signalling
chemicals, or lipophilic molecules, pass around the pit
plug to the next cell (Koslowsky and Waaland 1987). Our
results showed that relatively large (up to 20 kD) macromolecules pass between cells, probably through the gap
between the pit plug and the plasmalemma that is continuous between cells along the sides of the pit plug. The
difference in intracellular pressure between two neigh-

https://doi.org/10.4490/algae.2022.37.2.16

ACKNOWLEDGEMENTS
GHK thanks to Hokkaido University for supporting his
stay in Muroran Marine Station as a visiting professor. This

82

Kim et al. Pit-connections in Red Algae

research was supported by National Marine Biodiversity
Institute of Korea (2022M01100) and partially funded by
the National Research Foundation of Korea (NRF) grant
(No. 2019M3C1B7025093).

Ispolatov, I., Ackermann, M. & Doebeli, M. 2012. Division
of labour and the evolution of multicellularity. Proc. R.
Soc. B Biol. Sci. 279:1768–1776.
Justice, S. S., Hunstad, D. A., Cegelski, L. & Hultgren, S. J.
2008. Morphological plasticity as a bacterial survival
strategy. Nat. Rev. Microbiol. 6:162–168.
Kempers, R., Prior, D. A. M., van Bel, A. J. E. & Oparka, K. J.
1993. Plasmodesmata between sieve element and companion cell of extrafascicular stem phloem of Cucurbita
maxima permit passage of 3 kDa fluorescent probes.
Plant J. 4:567–575.
Kim, J. -Y., Rim, Y., Wang, H. & Jackson, D. 2005. A novel cellto-cell trafficking assay indicates that the KNOX homeodomain is necessary and sufficient for intercellular
protein and mRNA trafficking. Genes Dev. 19:788–793.
Klochkova, T. A., Kang, S. -H., Cho, G. Y., Pueschel, C. M.,
West, J. A. & Kim, G. H. 2006. Biology of a terrestrial
green alga Chlorococcum sp. (Chlorococcales, Chlorophyta), collected from the Miruksazi stupa in Korea.
Phycologia 45:349–358.
Koslowsky, D. J. & Waaland, S. D. 1984. Cytoplasmic incompatibility following somatic cell fusion in Griffithsia pacifica Kylin, a red alga. Protoplasma 123:8–17.
Koslowsky, D. J. & Waaland, S. D. 1987. Ultrastructure of selective chloroplast destruction after somatic cell fusion
in Griffithsia pacifica Kylin (Rhodophyta). J. Phycol.
23:638–648.
Kuzdzal-Fick, J. J., Chen, L. & Balázsi, G. 2019. Disadvantages
and benefits of evolved unicellularity versus multicellularity in budding yeast. Ecol. Evol. 9:8509–8523.
Lee, J. -Y. 2014. New and old roles of plasmodesmata in immunity and parallels to tunneling nanotubes. Plant Sci.
221–222:13–20.
Liarzi, O. & Epel, B. L. 2005. Development of a quantitative
tool for measuring changes in the coefficient of conductivity of plasmodesmata induced by developmental, biotic, and abiotic signals. 225:67–76.
Lucas, W. J., Bouché-Pillon, S., Jackson, D. P., Nguyen, L.,
Baker, L., Ding, B. & Hake, S. 1995. Selective trafficking
of KNOTTED1 homeodomain protein and its mRNA
through plasmodesmata. Science 270:1980–1983.
Lyons, N. A. & Kolter, R. 2015. On the evolution of bacterial
multicellularity. Curr. Opin. Microbiol. 24:21–28.
McLean, B. G., Hempel, F. D. & Zambryski, P. C. 1997. Plant
intercellular communication via plasmodesmata. Plant
Cell 9:1043–1054.
Miller, S. M. 2010. Volvox, Chlamydomonas, and the evolution of multicellularity. Nat. Edu. 3:65.
Nagasato, C., Tanaka, A., Ito, T., Katsaros, C. & Motomura, T.
2017. Intercellular translocation of molecules via plas-

CONFLICTS OF INTEREST
The authors declare that they have no potential conflicts of interest.

REFERENCES
Bauman, R. W. Jr. & Jones, B. R. 1986. Electrophysiological
investigations of the red alga Griffithsia pacifica Kyl. J.
Phycol. 22:49–56.
Boraas, M. E., Seale, D. B. & Boxhorn, J. E. 1998. Phagotrophy
by a flagellate selects for colonial prey: a possible origin
of multicellularity. Evol. Ecol. 12:153–164.
Bouck, G. B. 1962. Chromatophore development, pits and
other fine structure in the red alga, Lomentaria baileyana (Harv.) Farlow. J. Cell Biol. 12:553–569.
Broadwater, S. T. & Scott, J. 1982. Ultrastructure of early development in the female reproductive system of Polysiphonia harveyi Bailey (Ceramiales, Rhodophyta). J. Phycol. 18:427–441.
Ding, B., Turgeon, R. & Parthasarathy, M. V. 1992. Substructure of freeze-substituted plasmodesmata. Protoplasma
169:28–41.
Erwee, M. G. & Goodwin, P. B. 1983. Characterisation of the
Egeria densa Planch. leaf symplast: inhibition of the intercellular movement of fluorescent probes by group II
ions. Planta 158:320–328.
Farnham, G., Strittmatter, M., Coelho, S., Cock, J. M. &
Brownlee, C. 2013. Gene silencing in Fucus embryos:
developmental consequences of RNAi‐mediated cytoskeletal disruption. J. Phycol. 49:819–829.
Gawryluk, R. M. R., Tikhonenkov, D. V., Hehenbergen, E.,
Husnik, F., Mylnikov, A. P. & Keeling, P. J. 2019. Nonphotosynthetic predators are sister to red algae. Nature
572:240–243.
Goff, L. J. & Coleman, A. W. 1987. The solution to the cytological paradox of isomorphy. J. Cell Biol. 104:739–748.
Goff, L. J., Moon, D. A., Nyvall, P., Stache, B., Mangin, K. &
Zuccarello, G. 1996. The evolution of parasitism in the
red algae: molecular comparisons of adelphoparasites
and their hosts. J. Phycol. 32:297–312.
Goodwin, P. B. 1983. Molecular size limit for movement in
the symplast of the Elodea leaf. Planta 157:124–130.

83

http://e-algae.org

Algae 2022, 37(1): 75-84

modesmata in the multiseriate filamentous brown alga,
Halopteris congesta (Sphacelariales, Phaeophyceae). J.
Phycol. 53:333–341.
Pueschel, C. M. 1977. A freeze-etch study of the ultrastructure of red algal pit plugs. Protoplasma 91:15–30.
Pueschel, C. M. 1987. Absence of cap membrane as a characteristic of pit plugs in some red algal orders. J. Phycol.
23:150–156.
Pueschel, C. M. 1990. Cell structure. In Cole, K. M. & Sheath,
R. G. (Eds.) Biology of the Red Algae. Cambridge University Press, Cambridge, pp. 7–42.
Raven, J. A. 1997. Multiple origins of plasmodesmata. Eur. J.
Phycol. 32:95–101.
Robards, A. W. & Lucas, W. J. 1990. Plasmodesmata. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 41:369–419.
Su, S., Liu, Z., Chen, C., Zhang, Y., Wang, X., Zhu, L., Miao, L.,
Wang, X. -C. & Yuan, M. 2010. Cucumber mosaic virus

https://doi.org/10.4490/algae.2022.37.2.16

movement protein severs actin ﬁlaments to increase the
plasmodesmal size exclusion limit in tobacco. Plant Cell
22:1373–1387.
Terry, B. R. & Robards, A. W. 1987. Hydrodynamic radius
alone governs the mobility of molecules through plasmodesmata. Planta 171:145–157.
Tsekos, I. & Schnepf, E. 1985. The ultrastructure of carposporogenesis in Gigartina teedii (Roth) Lamour. (Gigartinales, Rhodophyceae): auxiliary cell, cystocarpic plant.
Flora 173:81–96.
Wetherbee, R. 1979.“Transfer connections”: specialized pathways for nutrient translocation in a red alga? Science
204:858–859.
Wetherbee, R. & Quirk, H. M. 1982. The fine structure of secondary pit connection formation between the red algal
alloparasite Holmsella australis and its red algal host
Gracilarira furcellata. Protoplasma 110:166–176.

84

