
analogous systems may exist in other
species and, in particular, in other human
fungal pathogens. Because Qsp1 ap-

pears to have arisen by convergent evolu-
tion, and has no obvious homology
outside of this fungal group, identifying

similar systems in more distantly related
fungi will not be easy. However, it is a
fair bet that the biological fascination
and clinical opportunities QS offers will
mean that Qsp1 is the first, but certainly
not the last, species-specific fungal
quorum-sensing system to make it into
the limelight.
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pez-Ribot, J.L. (2002). Appl. Environ. Microbiol.
68, 5459–5463.

Rutherford, S.T., and Bassler, B.L. (2012). Cold
Spring Harb. Perspect. Med. 2, http://dx.doi.org/
10.1101/cshperspect.a012427.

Size Regulation: Big Insights from Little Cells
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Reporting in Cell, Harris and Theriot (2016) use modeling and quantitative imaging to analyze bacterial cell
growth and division. By manipulating surface and volume growth rates, the authors provide insight into bac-
terial cell size regulation and propose that a threshold level of unincorporated cell wall material specifies
when cells divide.

Howcells sense and regulate their size is a
fundamental question in eukaryotic and
prokaryotic cell biology. Cells precisely
control their size during the cell cycle,

coordinating growth with cell division to
limit overall population variance (Ginzberg
et al., 2015; Jorgensen et al., 2002; Ta-
heri-Araghi et al., 2015). Additionally, cells

adapt their dimensions to variations in the
extracellular environment, integrating in-
formation about nutrient availability in the
decision to grow or divide (Weart et al.,

Figure 1. Qsp1 Quorum-Sensing Pathway in Cryptococcus neoformans
The Qsp1 pro-peptide is synthesized (1) and then exported from the fungal cell (2). Once outside, it is
cleaved by the cell-associated protease Pqp1 (3) producing the mature Qsp1 peptide (4). This is re-im-
ported into surrounding cryptococcal cells via the oligopeptide transporter Opt1 (5), where it triggers
morphological and virulence changes via an as-yet-uncharacterized intracellular receptor (6).
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2007).But how issize regulationachieved?
‘‘Timer’’ hypotheses propose that newly
born cells grow for a defined period of
time before dividing. However, these
models are inconsistent with observations
of cell size-dependent growth rates; large
cells grow faster. Instead, cells must have
evolved mechanisms for sensing their ab-
solute size or the amount of growth since
birth. In mammalian cells, although cell
sizes have been carefully measured in cul-
ture (Kafri et al., 2013), the molecular iden-
tity of the cell size sensor has remained
elusive. However, recently, a volume
sensor for spherical budding yeast cells
was discovered (Schmoller et al., 2015).
Newborn cells inherit a defined amount of
Whi5, and express and accumulate Cln3
while growing during G1. Surpassing a
threshold Cln3/Whi5 ratio triggers the de-
cision to divide by entering G1/S START.
Furthermore, in fission yeast, the Pom1 ki-
nase has been shown to sense pole-to-

pole length (Moseley et al., 2009). In rod-
shaped bacteria such as E. coli and
C.crescentus, cell length isprimarilydeter-
mined by how much elongation occurs
beforecells divide. Therefore, it is tempting
to speculate that these cells measure their
one-dimensional (1D) length using protein
gradients analogous to Pom1. However,
recentdata supporting an ‘‘adder’’mecha-
nism for bacterial cell size regulation argue
against the idea of a critical length prompt-
ing division. ‘‘Adder’’ models suggest that
bacteria add a constant amount of cell vol-
ume during each cell cycle, independent
of their size at birth (Campos et al., 2014).
How this is achieved—how bacterial
cells measure volume added—is an open
question.
In a study published in Cell, Harris and

Theriot (2016) image bacterial growth
and division under conditions that perturb
cell size and develop a mathematical
model to explain how the relative rates

of surface area and volume growth pre-
dict cell size at division. Although chang-
ing surface area growth rate (b) can affect
volume growth rate (a), and vice versa, the
authors identify conditions that differen-
tially alter each of these variables. They
identified four experimental conditions in
which the b/a ratio was perturbed and
cell size altered (Figure 1A). Using fosfo-
mycin, a potent inhibitor of the first step
of peptidoglycan (PG) synthesis, the au-
thors manipulated the production of cell
wall material (Harris and Theriot, 2016).
This caused b to decreasewithout altering
volume growth rate, a, causing a reduc-
tion in the b/a ratio (Figure 1B) and leading
to a dose-dependent increase in cell
length and cell width. This result was
confirmed in C. crescentus, E. coli, and
L. monocytogenes. Additionally, the au-
thors were able to reduce the b/a ratio
and increase cell length and width by
treating C. crescentus and E. coli cells

A

C D

B

Figure 1. Regulation of Cell Size in Bacteria
(A) Cell size regulation: experimental perturbations that alter the average size of E. coli andC. crescentus cells. Fosfomycin inhibits peptidoglycan (PG) synthesis.
Chloramphenicol inhibits translation. Increased cell length in C. crescentus depleted of FtsZ results from inability to divide. Ruler denotes 8 mm.
(B) Relative rates concept. a: rate of volume addition, b: rate of production of new surface area (SA). Ratio of b/a dictates cell size at time of division. Plot of b
versus a: if b/a ratio decreases below the dotted line, cells enlarge; if ratio increases above diagonal, cell size reduces. Trends based on E. coli data.
(C) Growing cells divide once they have accumulated a threshold amount of peptidoglycan precursors (red circles) necessary for septum formation. Checkpoint
or sensor for accumulated PG is unknown.
(D) Plots depicting accumulated PG and cell volume as a function of time. Fosfomycin reduces b, while a remains constant. Compared to cells growing in rich
media, fosfomycin-treated cells must grow for longer, and to a larger size, to accumulate the threshold level of PG required for septation.
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with chloramphenicol, a ribosome in-
hibitor. Although this treatment lowered
volume growth rate, a, it more drastically
attenuated b, causing a cell size increase
and subsequent drop in surface area-to-
volume ratio. They also observed a similar
decrease in surface area-to-volume ratio
in E. coli cells whose synthesis activities
were diverted by GFP overexpression.
Conversely, growing cells overnight until
they reach stationary phase increases
b/a ratio and decreases cell size
(Figure 1A). Importantly, in all cases, the
authors’ relative rates model successfully
predicted cell size trends (Figure 1B) and
time required to reach a new steady state.

Harris and Theriot also identify a poten-
tial mechanism, a threshold amount of
accumulated peptidoglycan precursor,
to explain how cells know when to divide
(Figure 1C). By analyzing bacterial growth
data, the authors defined the total amount
of surface area material synthesized prior
to constriction. They found that, indepen-
dent of pre-constriction cell volume, vol-
ume growth rate, and surface area growth
rate, C. crescentus cells accumulated
almost identical amounts of surface area
material (0.4–0.5 mm2) prior to constric-
tion. Intriguingly, the accumulated amount
is nearly identical to the amount of surface
area required to generate two new polar
end caps. To explore the implications
of this finding, consider cells treated
with fosfomycin. Although volume growth
rate, a, is unchanged, b is decreased,
and therefore cells must grow for a longer
period of time to accumulate the requisite
level of peptidoglycan precursors needed

for septation (Figure 1D). The result of this
extended period of growth is increased
cell length and width. Alternatively, for
cells whose b/a ratio is increased, pepti-
doglycan will accumulate more quickly
and cells will reach the critical threshold
at a smaller volume (i.e., stationary phase
in Figures 1A and 1B).
The findings from this study represent

an important advance in our understand-
ing of cell size regulation and potentially
explain ‘‘adder’’ models of bacterial cell
growth. Additionally, the work from Harris
and Theriot raises some interesting ques-
tions. For example, what is the identity
of the molecular sensor for accumulated
peptidoglycan, and how does this sensor
signal to the FtsZ ring, the machinery that
constricts a cell into two daughters, at
the checkpoint for constriction initiation?
FtsN and other proteins recruited at the
late stages of FtsZ ring assembly (Chung
et al., 2009) are potential candidates for
either directly sensing PG levels or trans-
ducing the signal to trigger invagination.
More broadly, how do cells integrate infor-
mation from nutrient sensors with the
signals from accumulated peptidoglycan
in the decision to divide (Weart et al.,
2007)? A key question not addressed
in the current study is whether the PG
threshold varies with cellular or environ-
mental conditions. Because the deduced
amount of accumulated surface area ma-
terial prior to constriction is similar to the
size of the end caps, the PG threshold for
triggering cell division may depend on
cell width. For example, if cell volume is
dramatically increased but the b/a ratio is

only modestly reduced, an increase in the
PG threshold would account for a larger
cell size. Development of a sensor for
unincorporated peptidoglycan precursor
would also greatly aid in determining both
the threshold and whether any material is
inherited by daughter cells. Future studies
should tackle some of these questions.
In the meantime, careful studies, such as
this one from Harris and Theriot (2016),
are taking us closer to a breakthrough in
understanding cell size regulation.
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Skotheim, J.M. (2015). Nature 526, 268–272.

Taheri-Araghi, S., Bradde, S., Sauls, J.T., Hill, N.S.,
Levin, P.A., Paulsson, J., Vergassola, M., and Jun,
S. (2015). Curr. Biol. 25, 385–391.

Weart, R.B., Lee, A.H., Chien, A.C., Haeusser,
D.P., Hill, N.S., and Levin, P.A. (2007). Cell 130,
335–347.

394 Developmental Cell 37, June 6, 2016

Developmental Cell

Previews


