
V(Coma)/D(Coma) = 81 + 8 km s-I Mpc-I. 
For a matter-dominated = 1 EinsteinAe 
Sitter universe ( a  is the ratio of the actual 
density of the universe to the critical den- 
sity), the corresponding age t, = (213)H;l = 
(213) x 9.78 x [100/(81 + 8)] = 8.0 f 0.8 
billion years. Such a short age conflicts with 
the age of 15.8 + 2.1 billion years that Bolte 
and Hogan (8) obtained from main sequence 
fitting of the metal-poor globular cluster M92 
to the subdwarf main sequence derived from 
trigonometric parallaxes. If the oldest galac- 

tic globular clusters have ages of - 16 billion 
years, and if the time interval between the 
"Big Bang" and the formation of the first 
globular clusters was -1 billion years, then 
the age of the universe is -17 billion years. 
This value is twice as large as the value 8.0 
f 0.8 billion years previously found from H, 
in an Einstein-de Sitter universe. 
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these big dextrans. However, 30-kD MP it- Plasmodesmata: Plant Channels for , ,, in both cell types, and in tri- 

Molecules on the Move chome cells 30-kD MP mediates movement 
of a 68-kD reporter protein in cis but not in 
trans. Thus, an essential PD transport signal 
residing in MP dictates transportability in 

Patricia Zambryski trichome cells, not size per se. Molecules to 
be transported are likely selected on the ba- 
sis of at least four criteria: size, shape, signal 
(targeting) sequence, and gating function. 

Intercellular communication in plants oc- MPs have been microinjected into single From the perspective of PD, cell and tissue 
curs through cytoplasmic bridges called plant cells to follow the movement of MP type, as well as developmental stage, regu- 
plasmodesmata (PD) (1). In contrast to itself, complexes consisting of MP and late intercellular transport. 
their animal counterparts-gap junctions single-strand nucleic acid, or co-injected During maize development, RNA en- 
between closely appressed cells-PD are fluorescent dextrans (2). These studies coding the KNOTTED1 (KN1) homeo- 
elongated structures that traverse the thick demonstrate that MPs increase the perme- domain protein is found in all cell layers of 
cell walls that surround plant cells. PD have ability of (that is, gates) PD within minutes the meristem except the outermost L1, 
an outer sheath that is contiguous with the of microinjection, implying that MPs oper- whereas KN1 protein is found in both the 
plasma membrane, a central core of endo- ate an endogenous PD transport pathway. inner and outer L1 layers. Likewise, in 
plasmic reticulum, and a collar - . .  . leaves of plants with the domi- 
or neck region. Historically, PD t nant Knl mutation, RNA is lo- 
have been assigned a passive 
role: creating cytoplasmic conti- 

' (J/(& 1 \' ' cated in the inner vascular cells, 
and protein is found in a broader 

nuity between plant cells to al- domain including the L1. These 
low free transport of small me- findings (8) prompted specula- 
tabolites and growth hormones tion that KN1 protein might be 
less than 1 kilodalton (kD). transported through PD to the 
When it was discovered that outer layer. Support for this idea 
plant viruses pirate PD for move- comes from clonal analysis dem- 
ment of their genomes during in- onstrating that Knl action in the 
fection, it was proposed that vi- inner layer nonautonomously 
ruses altered the PD to allow influences adjacent cells (9). 
transport of very large mol- Now Lucas et d. have shown 
ecules. Now, several recent re- that, just as viral MPs gate and 
ports, one of which is in this is- move, the KN1 protein itself 
sue of science, provide Model for macromolecular transport between plant cells. Macromol- both moves between mesophyll 
ling evidence that PD are inher- ecules track through the plant cytoplasm on microtubules, then interact with and facilitates the move- 

actin filaments to move to and through PD. Cell walls between individual 
ently plant cells, green; PD in either closed (constricted at either end) or open dextrans and proteins 
their dimensions to increase (smooth cylinder) configurations, yellow; microtubules, thick blue lines; actin larger than 20 kD (4). Further- 
their transport capabilities on filaments, red; elongated complexes between viral MP and single-strand more, KN1 protein selectively 
contact with both viral (2, 3) nucleic acid, purple; and generic proteins capable of PD trafficking, orange. transports knl sense but not 
and endogenous plant proteins antisense RNA between cells. 
(4). Two other new studies, one That an important regulator of 
in this issue (5), describe the cytoskeleton Comparing MP-mediated transport in plant development can move between cells 
as a major tracking system to PD (5,6).  different plant cell types reveals that PDs has significant implications for how plants 

The movement protein (MP) of plant are functionally diverse (3). In tobacco program differentiation. For example, the 
viruses has been extensively used to probe leaves, trichome hair cells have a greater distribution, as well as the permeability, of 
the function of PD (7). Recently, purified basal size exclusion limit, 7 kD, than meso- PD between adjacent cells may regulate de- 

phyll cells (1 kD). Furthermore, although velopment by providing channels for ex- 
MP-induced gating in mesophyll cells per- change of regulatory signals. However, these 

The author is in the Department of Plant Biology, 
Koshland Hall, University of California, Berkeley, CA mits movement of dextrans larger than 20 intriguing studies provoke many questions. 
94720. USA. E-mail: zambrysk@mendel.berkeley.edu kD, MP does not gate trichome cells for How common is macromolecular transport 
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through PD during development? Does 
KN1 move selectively to the L1 layer, or 
does KN1 move everywhere? What is the 
benefit of KN1 trans~ort? If knl RNA is al- 
ready actively expressed throughout the 
meristem, what does the plant gain by fa- 
cilitating movement of knl RNA? Why is 
microinjected KN1 not sequestered into 
mesophyll nuclei as in maize meristem cells? 

Plasmodesmata have talents beyond the 
transport of endogenous plant transcription 
factors such as KNl. They are implicated in 
the movement of numerous  rotei ins (UD to . 
70 kD) from companion cells to the enucle- 
ate sieve elements of the phloem vascular 
system (10). The distribution of PD be- 
tween cells of the fern gametophyte corre- 
lates directly with cell division patterns 
(I I). In addition, as differentiation pro- 
ceeds, epidermal cells of developing roots 
become progressively more isolated, that is, 
their PD are less ~revalent or effective (1 2). . , 

Furthermore, during initiation of lateral 
roots. cells increase their intercellular com- 
munication through PD; after emergence of 
lateral roots, previously connected arrays of 
internal cells become sealed off (1 3). 

How do molecules move within the cy- 
toplasm to arrive at PD? Two recent reports 
use the viral MP system to demonstrate 
that MPs colocalize primarily with micro- 
tubules (5, 6). To a lesser extent, MPs also 
colocalize with actin filaments. and in vitro 
experiments show that MP can'bind to both 
actin and tubulin (6). In hindsight, these 
results are obvious because simple viscosity 
would hinder diffusion of an elongated vi- 
ral genome coated with MP. That the MP 
proteins themselves track along the cyto- 
skeleton suggests that the association of a 
viral nucleoprotein complex with the cyto- 
skeleton is not ~assive. but mav be deter- 
mined by specific signal sequences. It will 
be interesting to determine whether endog- 
enous plant proteins such as KN1 also track 
to PD bv means of the cvtoskeleton. 

The cytoskeleton may also participate in 
the gating of PD. Actin filaments traverse 
PD channels (14), and actin may act as 
sphincter at the neck region of PD. Addi- 
tional cellular factors could interact with 
actin to generate an open or closed PD con- 
formation and so regulate transport. 

The future looks bright for uncovering 
major fundamental principles for intra- and 
intercellular transport mechanisms in plant 
cells. Methods to purify PD are emerging 
(15) and will allow identification of the 
structural components and detailed archi- 
tecture of PD. Viral MPs and endogenous 
plant proteins that traffic by means of PD 
will be useful to identify signal sequences for 
interaction with cytoskeletal components, 
targeting to PD, gating PD, and movement 
through PD. How are PD structure and 
function regulated during development in 

different cell types? Besides possible regula- Cell, in press. 

tion of gating by cytoskeletal components or 7. V. Citovsky and P. Zarnbryski, Annu. Rev. 
Microbial. 47, 167 (1993); E. Waigrnann and P. 

transportable proteins, how do general physi- Zarnbryski, Curr. Biol. 4, 713 (1994); W. J. Lucas, 
olonical signalinn molecules such as cal- and R. L. Gilbertson, Annu. Rev. Phytopathol. 32, - - - 
cium, guanosine triphosphate, and protein 387 (1 994). 

kinases affect PD transport? These ques- 
8. L. G. Smith, B. Greene, B. Veit, S. Hake, Develop- 

ment 116,21 (1992); D. Jackson, B. Veit, S. Hake, 
tions and more, and their answers, mean ibid. 120, 405 (1 994). 
there is a lot to do and look forward to. 9. S. Hake and M. Freeling, Nature320, 621 (1986); 

N. Sinha and S. Hake, Dev. Biol. 141, 203 (1990). 
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I 

Eminent Domains 
I Ferroelecrric crystals interact strongly with light and are used for optical memories, 

modulators, and switches. In such crystals, the unit cell has a front that differs from the 
back, and the lowest energy state is atmined when all of the unit cells are aligned in the 
same direction, the c axis. In 
real materials, small groups of 
renegade cells cluster into d e  
mains where they align with 
each other but not with the 
rest of the crystal. If oriented 
180" relative to the c axis, they 
cannot be detected except 
through elaborate or destfuc- 
tive procedures. S. 'Mac&- 
ma& and J. Feinberg of the 
University of Southern Cali- 
fornia have devised a simple 
optical technique to image 
these domains. A probe laser 
beam sent duough the crystal 

shows a uniform image (A). 
If a d Laset beam is simul- 
taneously sent through the 
aystal, wherever the probe 
ptaes through an inverted 
domain, it loses energy to the 
seoond beam by the photo- 
&active effect (B). The 
searchers found that crystal 
mnph believed to consist of 
only a single domain actually 
mntained a large number of 
misoriented domains, a find- 
ing chat may require the re- 
vision of existing values for 
the electrooptic coefficient 
of these materials. [Image 

courtesy of S. MacGrmadc and J. Feinberg, Department of Physics, University of South- 
ern Caliiornia, Los Angeles, CA 90089-0484, USA. E-mail: feinber@physics 1 .usc.edu] 
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