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Pectate (polygalacturonic acid) acts 
as a chelator to bind calcium and 

form cross-links that hold adjacent pec-
tate polymers and thus plant cell walls 
together. When under tension from 
turgor pressure in the cell, the cross-
links appear to distort and weaken. 
New pectate supplied by the cytoplasm 
is undistorted and removes wall calcium 
preferentially from the weakened bonds, 
loosening the wall and accelerating cell 
expansion. The new pectate now con-
taining the removed calcium can bind 
to the wall, strengthening it and link-
ing expansion to wall deposition. But 
new calcium needs to be added as well 
to replenish the calcium lost from the 
vacated wall pectate. A recent report 
demonstrated that growth was dis-
rupted if new calcium was unavailable. 
The present addendum highlights this 
conclusion by reviewing an experiment 
from before the chelation chemistry was 
understood. Using cell wall labeling, a 
direct link appeared between wall expan-
sion and wall deposition. Together, these 
experiments support the concept that 
newly supplied pectate has growth activ-
ity on its way to deposition in the wall. 
Growth rate is thus controlled by sig-
nals affecting the rate of pectate release. 
After release, the coordination of expan-
sion and deposition arises naturally from 
chelation chemistry when polymers are 
under tension from turgor pressure.

It was recently reported that calcium 
needs to be added to growing cell walls 
in order to keep them growing.1 It is well 
known that most cell calcium is in the 
wall, but the experiment was conducted 
because earlier work2,3 implicated calcium 
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chemistry as a key feature of cell enlarge-
ment. It was predicted that growth rates 
were controlled by calcium cross-linking 
to pectates in the wall, and the experiment 
was a test of the prediction. The results 
were supportive and added to other tests 
already described.4 

Some background for the earlier work 
may be needed. Most plant growth involves 
increases in cell size while the cytoplasm is 
encased in a tough cell wall. During the 
process, the wall stretches to a larger size 
irreversibly while incorporating new wall 
materials that maintain wall strength. 
Without the incorporation, the wall would 
become progressively thinner and unable 
to withstand tensions normally developed 
by turgor pressure. Importantly, this same 
pressure is required for wall stretching and 
is involved in depositing new wall mate-
rial.4 In fact, pressure can force new poly-
mers into the wall that otherwise would be 
too large to enter.5

In order to investigate these processes, 
it has been convenient to use a large-
celled alga such as Chara corallina, which 
is closely related to the progenitor of ter-
restrial plants.6-9 Not only do the walls 
resemble those of terrestrial plants10-13 but 
the large cells can be separated from the 
plant without any other adjoining cells. 
This enables turgor pressure to be mea-
sured and controlled while simultaneously 
monitoring the wall stretching and the 
depositing of new material.4 From these 
cells, the walls are easily isolated without 
removing them from the medium in which 
the plants were grown, so processes can be 
studied with or without cytoplasm. Also, 
various molecules can be microinjected or 
supplied to the external medium.5
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expand cells even faster than with pectates 
alone. Evolutionarily, the terrestrial envi-
ronment may give competitive advantage 
to plants with these additional mecha-
nisms during competition for resources 
such as light. Further understanding of 
wall chemistry and its evolution could be 
revealing.

References
1. Proseus TE, Boyer JS. Calcium deprivation dis-

rupts enlargement of Chara corallina cells: further 
evidence for the calcium pectate cycle. J Exp Bot 
2012; 63:3953-8; PMID:22442410; http://dx.doi.
org/10.1093/jxb/ers089.

2. Proseus TE, Boyer JS. Identifying cytoplasmic input 
to the cell wall of growing Chara corallina. J Exp Bot 
2006; 57:3231-42; PMID:16893975; http://dx.doi.
org/10.1093/jxb/erl087.

3. Proseus TE, Boyer JS. Calcium pectate chemis-
try controls growth rate of Chara corallina. J Exp 
Bot 2006; 57:3989-4002; PMID:17110588; http://
dx.doi.org/10.1093/jxb/erl166.

4. Boyer JS. Cell wall biosynthesis and the molecu-
lar mechanism of plant enlargement. Funct Plant 
Biol 2009; 36:383-94; http://dx.doi.org/10.1071/
FP09048.

5. Proseus TE, Boyer JS. Turgor pressure moves polysac-
charides into growing cell walls of Chara corallina. 
Ann Bot 2005; 95:967-79; PMID:15760911; http://
dx.doi.org/10.1093/aob/mci113.

6. Chapman DJ. 1985. Geological factors and bio-
chemical aspects of the origin of land plants. In 
Tiffney BH, ed. Geological factors and the evolution 
of plants. New Haven, CT: Yale University Press, 
23-44.

7. Graham LE. The origin of the life cycle of land 
plants. Am Sci 1985; 73:178-86.

8. Niklas KJ. 1992. Plant biomechanics. An engineering 
approach to plant form and function. Chicago, IL: 
University of Chicago Press.

9. Scherp P, Grotha R, Kutschera U. Occurrence and 
phylogenetic significance of cytokinesis-related cal-
lose in green algae, bryophytes, ferns and seed 
plants. Plant Cell Rep 2001; 20:143-9; http://dx.doi.
org/10.1007/s002990000301.

10. Anderson DMW, King NJ. Polysaccharides of the 
Characeae. III. The carbohydrate content of Chara 
australis. Biochim Biophys Acta 1961; 52:449-54; 
PMID:13861213; http://dx.doi.org/10.1016/0006-
3002(61)90402-4.

11. Preston RD. 1974. The physical biology of plant cell 
walls. London: Chapman and Hall.

12. Popper ZA, Fry SC. Primary cell wall composition of 
bryophytes and charophytes. Ann Bot 2003; 91:1-12; 
PMID:12495914; http://dx.doi.org/10.1093/aob/
mcg013.

13. Sørensen I, Rose JKC, Doyle JJ, Domozych DS, 
Willats WGT. The Charophycean green algae as 
model systems to study plant cell walls and other 
evolutionary adaptations that gave rise to land plants. 
Plant Signal Behav 2012; 7:1-3; PMID:22301955; 
http://dx.doi.org/10.4161/psb.7.1.18574.

14. Proseus TE, Boyer JS. Tension required for pectate 
chemistry to control growth in Chara corallina. J Exp 
Bot 2007; 58:4283-92; PMID:18182431; http://
dx.doi.org/10.1093/jxb/erm318.

15. Proseus TE, Boyer JS. Periplasm turgor pressure 
controls wall deposition and assembly in growing 
Chara corallina cells. Ann Bot 2006; 98:93-105; 
PMID:16720633; http://dx.doi.org/10.1093/aob/
mcl098.

lead to more rapid deposition of new wall 
material. Conversely because the cycle is 
pressure-dependent, decreasing the pres-
sure and thus the rate of wall expansion 
would decrease the rate of wall deposition.

There is evidence that this linkage 
occurs. In an experiment done before 
the pectate cycle model was developed, 
Proseus and Boyer15 used live Chara cells 
to which 13C bicarbonate was supplied. 
The cells are photosynthetic and incor-
porate the 13C into wall structure that 
can be isolated and analyzed. The pools 
of metabolic intermediates took about six 
hours to reach the steady-state and there-
after sent label to the wall steadily while 
growth occurred. The rapid wall deposi-
tion in young growing cells was absent in 
mature non-growing ones at normal tur-
gor pressure. Importantly, dropping the 
turgor pressure 0.1 MPa below normal 
in the growing cells decreased the expan-
sion rate but also the deposition rate for 
the wall. Although these experiments were 
conducted before the pectate cycle had 
been conceived, this test supports it and 
illustrates the link between wall expan-
sion and wall deposition. Interestingly, 
no coordinated signaling is required for 
this mechanism. The coordination comes 
automatically as a simple consequence of 
the chemistry of the pectate with calcium.

In support of this concept, it may be 
noted that Cleland16 reported a turgor-
dependent link between auxin-induced 
expansion and the deposition of new wall 
material in multicellular tissue. Also, 
Baker and Ray17 found that cell expan-
sion accelerated by auxin was accompa-
nied by enhanced deposition of new wall 
matrix materials, pectin included. But the 
growth activity of pectin was unknown 
at the time, and it was unclear why these 
linkages occurred.

Pectates are some of the most evo-
lutionarily conserved wall constituents 
in green plants and serve to hold cells 
together, making multicellular tissues pos-
sible.18 Therefore, these findings in Chara 
may have wide application in terrestrial 
plants. The chemistry of pectate should 
be the same regardless of the plant, and 
there is considerable evidence that pectins 
might contribute to growth in terrestrial 
plants.19-23 But other growth mechanisms 
also exist,24-26 and these may serve to 

The net result was the discovery that 
pectin stimulates cell wall enlargement.2,3 
Because pectins are produced in the cyto-
plasm and deposited in the wall, the dis-
covery links the enlargement of the cell 
to the deposition of new wall material. 
In effect, pectin accelerates growth while 
on the way to being deposited in the wall. 
Once deposited, the wall returns to its 
thickness before the acceleration, thus pre-
venting thinning. This dual action occurs 
at a rate apparently depending on how fast 
the pectin is supplied by the cytoplasm.

Proseus and Boyer14 developed a theory 
to explain this expansion and deposition 
and termed it the pressure-dependent cal-
cium pectate cycle. The cycle resides in 
the wall and is strictly chemical. It begins 
when turgor pressure puts wall polymers 
under tension. Many of the polymers are 
pectins (in this situation, pectates with 
reactive carboxyl groups) that are cross-
linked by calcium. A few of them bear the 
load of the wall tension and are distorted 
by it, weakening the coordination bond-
ing of the cross-links. As new pectin is 
released to the wall by the cytoplasm, its 
non-distorted conformation allows it to 
remove calcium preferentially from these 
distorted, load-bearing cross-links, loos-
ening the wall and accelerating its expan-
sion. The new pectin now contains the 
removed calcium and can bind to the wall. 
With additional calcium plus the new pec-
tin, the wall is maintained at its original 
thickness and strength. The acceleration, 
binding and added calcium probably occur 
as a continuum seen as a link between wall 
expansion and wall thickness.

These sub-reactions were somewhat 
unexpected and required the cycle to be 
given rigorous tests. Among them was 
the recent one withholding calcium.1 The 
prediction is that, without additional cal-
cium, the number of cross-links would not 
change as the wall is stretched to a larger 
size, the cross-linking would be spread 
over larger areas, and the wall would 
eventually weaken sufficiently to disrupt 
growth at the normal pressures in the cell. 
This is in fact what was observed.

Another equally stringent test would 
be to establish whether expansion and 
deposition of new wall material are in fact 
linked. According to the hypothesis, the 
accelerating action of new pectin should 
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