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SUMMARY

How cell size is determined and maintained remains
unclear, even in simple model organisms. In prolifer-
ating cells, cell size is regulated by coordinating
growth and division through sizer, adder, or timer
mechanisms or through some combination [1, 2].
Currently, the best-characterized example of sizer
behavior is in fission yeast, Schizosaccharomyces
pombe, which enters mitosis at a minimal cell size
threshold. The peripheral membrane kinase Cdr2 lo-
calizes in clusters (nodes) on the medial plasma
membrane and promotes mitotic entry [3]. Here, we
show that the Cdr2 nodal density, which scales
with cell size, is used by the cell to sense and control
its size. By analyzing cells of different widths, we first
show that cdr2+ cells divide at a fixed cell surface
area. However, division in the cdr2D mutant is more
closely specified by cell volume, suggesting that
Cdr2 is essential for area sensing and supporting
the existence of a Cdr2-independent secondary
sizer mechanism more closely based on volume. To
investigate how Cdr2 nodes may sense area, we
derive a minimal mathematical model that incorpo-
rates the cytoplasmic kinase Ssp1 as a Cdr2 acti-
vator. The model predicts that a cdr2 mutant in an
Ssp1 phosphorylation site (cdr2-T166A) [4] should
form nodes whose density registers cell length. We
confirm this prediction experimentally and find that
thin cells now follow this new scaling by dividing at
constant length instead of area. This work supports
the role of Cdr2 as a sizer factor and highlights the
importance of studying geometrical aspects of size
control.

RESULTS AND DISCUSSION

A variety of strategies are believed to be used for cell size control

and homeostasis. In sizer behavior, cells grow to a minimal cell

size threshold before committing to division. In adder behavior,

cells grow a fixed size increment, regardless of initial size, a strat-

egy that has been observed in various bacteria, budding yeast,
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and mammalian cells [5–7]. The rod-shaped fission yeast

S. pombe exhibits sizer behavior [8], where cells grow during

interphase to a target size of 14 ± 1 mm in length before entering

mitosis and dividing medially. Recently, evidence has emerged

for multiple layers of size control operating within the cell cycle.

For example, in budding yeast, different regimes in different cell

phases, including sizer control at the G1/M transition, may ac-

count for adder-like behavior over the whole cell cycle [9, 10].

Furthermore, some fission yeast mutants exhibit two-layer size

control with sizer and adder timer behaviors [11]. However,

even for simple sizer behavior, a key question remains how

and what aspect of cell size is sensed and how this information

is transduced to the cell cycle control machinery.

In fission yeast, a leading candidate sizer protein isCdr2, aSAD

protein kinase [3, 4, 12].Cdr2maybepart of an activator accumu-

lation mechanism, which triggers mitosis when Cdr2 activity ex-

ceeds a threshold [3]. Cdr2 regulates cell size andmitotic entry by

activatingCdk1 throughWee1 inhibition [13, 14].Cdr2 is aperiph-

eral membrane protein that binds to the plasma membrane and

accumulates in discrete clusters on the plasma membrane (‘‘no-

des’’), which formabroadband around the nucleus. These nodes

contain at least 7 other proteins, including those involved in cyto-

kinesis and cell cycle control, including Wee1 and Cdr1 [15, 16].

Although the nodes are generally stable structures, individual

Cdr2 molecules and other node proteins dynamically exchange

between the nodes,membrane, and cytoplasm [3, 17]. These no-

des have beenproposed as an important element in cell size con-

trol, as their number scales with cell size, and cdr2 mutants

defective in node association are defective in size control

[3, 18]. Recent studies have suggested that theCdr1 andCdr2 ki-

nases in the nodes transiently recruit and inactivate Wee1 by

phosphorylation [19, 20]. Upstream Cdr2 regulators include an

inhibitory kinase Pom1 [21, 22] and an activating kinase CaMK

Ssp1 [4, 23]. Pom1 binds to the plasma membrane and is en-

riched at cell tips [24, 25], whereas Ssp1 is cytoplasmic and acti-

vates Cdr2 kinase activity by T166 phosphorylation in the Cdr2

kinase domain [4]. Here, we show that Cdr2 nodes play a critical

role in sensing cell surface area for size control and that, as

predicted by mathematical modeling, a mutation in Cdr2 can

reprogram the cells to instead sense cell length.

Fission Yeast Size Homeostasis Is Based on Surface
Area Sensing
For sizer mechanisms, an outstanding question is whether cells

sense their size by monitoring volume, surface area, length, or
ors. Published by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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Figure 1. Cdr2 Is Required for Surface-Area-

Based Cell Size Control

(A) Wild-type cells enter mitosis when they reach a

specific surface area. Phase contrast images of

representative rga2D (thin mutant), wild-type

(normal width), and rga4D (fat mutant) cells at divi-

sion are shown. These cells of different widths

divide at different lengths. Scale bar: 2 mm.

(B) Distribution of cell radius (R) at division for rga2D,

wild-type, and rga4D.

(C) Distribution of cell length (L), surface area (A),

and volume (V) at division for rga2D, wild-type, and

rga4D.

(D) Size homeostasis plots using cell length, surface

area, or volume as size measure for rga2D, wild-

type, and rga4D. Slopes are �0.9, �0.6, and �0.7,

respectively.

(E and F) cdr2D cells enter mitosis approximately at

a specific volume. Distributions at division (E) and

size homeostasis plots (F) for cdr2D rga2D, cdr2D,

and cdr2D rga4D. Slopes for the data from shorter

cells (less than about 60% of the average division

length, see Figures S1C and S1D) are �0.8, �0.6,

and �0.6, respectively (colored lines in F). Slopes

for the data from longer cells are �0.4, �0.3, and

�0.6, respectively (gray lines in F).

Color legend: rga2D (FC2947; green; n = 892), wild-

type (FC15; red; n = 1,061), and rga4D (FC1901;

blue; n = 1,173); cdr2D rga2D (FC3225; dark green;

n = 507), cdr2D (FC3161; dark red; n = 1,277), and

cdr2D rga4D (FC3227; dark blue; n = 984). Binned

data (with mean value ± SE) and associated

regression line are shown in (D) and (F). Normalized

root-mean-square deviation (RMSD between

binned data; STAR Methods) is also stated. t tests

on normalized RMSDs all give p values < 10�100 (D)

or < 10�20 (F).

See also Figure S1.
some other geometric quantity. As wild-type fission yeast cells

are rods of approximately constant width, both surface area

(Amemb = 2pRL, with R and L the cell radius and length, respec-

tively) and volume ðVcellzpR2LÞ approximately scale with length.

To distinguish between length, area, or volume homeostasis, we

analyzed mutants with altered cell radius. We used the RhoGAP

mutants rga2D and rga4D, which form thin and fat rods, respec-

tively, but have otherwise intact cell shape [26–28] (Figures 1A

and 1B). Growth rate is also preserved in these mutants, with

less than 5% variability between strains. Previous data using

these mutants suggested that fission yeast cells divide at a con-

stant surface area [3]. Here, we exploited recent technical ad-

vances using cells grown in microfluidic chambers with constant
Current
media flow and temperature control, as

well as automatedmachine-learning image

analysesmethods, including sub-pixel res-

olution segmentation [29, 30], to acquire

datasets with much larger sample sizes

and reduced biases (STAR Methods). We

confirmed with a large dataset (n = 3,126)

that cells with a range of widths divided at

the same surface area (z165 mm2), but

not the same length or volume (Figure 1C).
We next tested whether fission yeast senses surface area for

size homeostasis. We imaged growing cells by time-lapse mi-

croscopy; measured the length, surface area, and volume of

cells at the beginning and end of the cell cycle; and then plotted

how much these quantities increased from birth to division

against birth size [1, 2]. For a sizer mechanism, such a plot

should show a slope of �1 [2, 8]. Previous analyses used length

as the size measure [8, 11, 31]. In the same way, we first verified

that the sizer mechanism is preserved in the rga2D and rga4D

mutants: plots show a slope close to �1 for each single strain

(Figure 1D). We expect the strains to show the same behavior

only if the plot is based on the geometric feature that is actually

used for size control. As the size data did not overlap when
Biology 29, 350–358, January 21, 2019 351



length was used as the sizemeasure, wemade the same plot us-

ing surface area and volume. Among the three geometry quanti-

ties, surface area provided the tightest data overlap from the

three strains (as measured by a lower normalized root-mean-

square deviation [RMSD] of binned data; STAR Methods; Fig-

ure 1D). Statistical tests on the difference between the RMSDs

showed p values < 10�100 (STARMethods). All the above conclu-

sions were robust to themethodology used to calculate area and

volume (Figure S1A). Moreover, by analyzing the data with RgL

as a generalized and unbiased cell size measure (where g can

vary continuously; STAR Methods), the smallest RMSD is

achieved for gz1 (Figure S1B), again confirming surface area

sizing.

Deletion of cdr2 Disrupts Surface-Area-Based Size
Homeostasis
Previous work had implicated Cdr2 as a candidate sizer mole-

cule [3]. cdr2D mutant cells are viable and exhibit a similar cell

width as the wild-type but divide at longer lengths [12, 32].

Although cell size has been shown to be sensitive to Cdr2

dosage [3, 12, 33], the cdr2D mutant has not previously been

tested for size homeostasis. As has been seen with some other

mutants, such as pom1D and a strain expressing the Cdc13-L-

Cdc2 fusion protein [11], the size homeostasis plots for cdr2D

mutants were best fit with lines with two slopes, indicative of

different regimes at different sizes. The first had a �0.6 slope

for cells with a birth size below 10.5 mm (�60% of the average di-

vision length; Figures S1C and S1D), consistent with a sizer

mechanism for cells born at a smaller size. The second had a

�0.3 slope, closer to adder- or timer-like behavior for cells

born at a larger size. Thus, cdr2D cells with shorter birth sizes

are still capable of sizer behavior.

We next investigated whether this cdr2D sizer mechanism is

still area based. We varied the cell radius of the cdr2D cells by

constructing double mutants with rga2 and rga4 deletions and

analyzed cells in the sizer regime (i.e., smaller birth sizes).

Compared to cdr2+ strains, these cells divided more closely

aligned to volume (atz180 mm3; Figure 1E), rather than at a spe-

cific area. Similarly, size homeostasis plots showed the smallest

RMSD when volume was used as the geometrical quantity (Fig-

ures 1F, S1E, and S1F for a repeated experiment; p values <

10�20). Results were robust to changes in the area or volume

calculation methodology (Figure S1G) and to analysis with the

unbiased size measure RgL (smallest RMSD for gz1:6; close

to the theoretical value for volume of z1.75; Figure S1H; STAR

Methods). Therefore, cdr2 deletion causes a loss of area-based

size control, leading instead to cell size regulation potentially

through a secondary sizer mechanism more closely based on

volume. This mechanism has a division size coefficient of varia-

tion as low as the wild-type (z7.5%), suggesting precise sizer

control. Such a secondary sizer could also explain a size homeo-

stasis slope z �1 in mutants lacking Cdk1-Tyr15 phosphoryla-

tion [11, 34], the output of the Cdr2/Wee1 pathway.

Cdr2 Nodal Density Scales with Surface Area
Together, these findings imply that Cdr2 plays a critical role in

area sensing. We hypothesized that some relevant property of

Cdr2 used in size control would scale with area. We therefore

investigated which Cdr2 property showed area scaling and
352 Current Biology 29, 350–358, January 21, 2019
tested whether this scaling relationship is critical for size control.

We first measured Cdr2 protein concentrations, using fluores-

cence intensity measurements in cells expressing mEGFP-

Cdr2 from the endogenous chromosomal locus [3]. The total

Cdr2 and cytoplasmic Cdr2 concentrations did not vary signifi-

cantly with cell length (Figures S2A and S2B) [3, 12]. We also

confirmed that the total Cdr2 nodal intensity (total amount of

Cdr2 in the nodal region; STAR Methods) increases with cell

size, as shown previously [3, 18, 33, 35]. Similarly, the Cdr2 nodal

density (amount of Cdr2 per unit area in the nodal region; STAR

Methods) increases with cell size. By plotting the total Cdr2

nodal fluorescence and nodal density as a function of cell length,

area, and volume in the wild-type, rga2D, and rga4D strains, we

found using normalized RMSDs that total Cdr2 nodal intensity

scaled with cell volume, whereas Cdr2 nodal density scaled

with total cellular surface area (Figures 2A and 2B; p values <

10�15; discussion of the x axis overlaps in STARMethods). Anal-

ysis using an unbiased expression for cell size confirmed these

scalings (Figures S2C and S2D). The mean width of the Cdr2

nodal area was roughly independent of cell radius and remained

constant in cells of different lengths (Figure 2C). Our results were

robust to changes in the area or volume calculationmethodology

(Figures S2E and S2F), and a repeat independent experiment

yielded similar results (Figures S2G and S2H). These measure-

ments suggest that the Cdr2 density in the nodal region could

be a critical quantity used to monitor cell size.

Mathematical Modeling Predicts that the Cdr2 Nodal
Density Scales with Cell Length in the cdr2-T166A

Mutant
We next sought to see whether we could reprogram cell size

sensing by changing properties of the Cdr2 protein. To help

with this investigation, we developed a simple mathematical

model of the Cdr2 nodal scaling (Figures 2C and 2D; STAR

Methods). Compared to previous analysis, the proposed model

specifically considers Cdr2 activation by the cytoplasmic kinase

Ssp1 [4, 23]. This systematic mathematical modeling approach

allowed us to understand how size sensing occurs. Othermodels

along similar lines are, of course, possible, but the model devel-

oped generated strong, verifiable predictions. Following nodal

unbinding, if Cdr2 next interacts in the cytoplasmic volume

through Ssp1-mediated phosphorylation, then, by balancing

fluxes through the pathway, we find that the total Cdr2 nodal in-

tensity in the model scales with cell volume. However, if, in the

absence of such phosphorylation, the next interaction occurs

on the membrane (binding), then flux balance forces the total

Cdr2 nodal intensity in the model to scale with total cellular sur-

face area. The Cdr2 nodal density is the total nodal intensity

divided by the nodal area. A key element of the model is the

restricted region occupied by the nodes at themedial cell cortex.

This region has approximately fixed width (Figure 2D), causing

the nodal area to scale with the cell radius. As a result, the Cdr2

nodal density should scale as the ratio between volume and

radius (i.e., total cellular surface area) or as the ratio between

total cellular surfacearea and radius (i.e., cell length), respectively

(Figures 2C and 3A; STAR Methods). Assuming the nodal Cdr2

density is the basis for size control, we therefore predicted that

the phosphorylation-deficient cells should divide at a specific

cell length instead of a specific total membrane surface area.
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Figure 2. Density of Cdr2 in the Nodal Region Scales with Cell Surface Area, in Agreement with Results from Mathematical Model

(A) Plots of total nodal intensity of mEGFP-Cdr2 for rga2D, wild-type, and rga4D strains as function of length, surface area, and volume.

(B) Plots of nodal density of mEGFP-Cdr2, otherwise as in (A).

(C) Sketch and equations of minimal model to explain Cdr2 nodal density scaling with cell surface area in wild-type (STARMethods). Symbols: [Cdr2], cytoplasmic

concentration of Cdr2;Nnodal , total nodal amount (fluorescence) of Cdr2; rnodal, nodal density of Cdr2; k, kinetic parameter of Cdr2 phosphorylation by cytoplasmic

Ssp1; l, kinetic parameter of Cdr2 dissociation from nodes;Vcell , cell volume; Amemb, total membrane surface area;Anodal, nodal area with constant widthW (see D).

(D) Plot of nodal region width as function of cell length for rga2D, wild-type, and rga4D.

Color legend: rga2D (FC3187; green; n = 211), wild-type (FC3156; red; n = 224), and rga4D (FC3189; blue; n = 201). Binned data (with mean value ± SE) and

associated regression line are also shown in (A), (B), and (D). Normalized RMSD (between binned data; STAR Methods) also stated in (A) and (B): t tests on

normalized RMSDs all give p values < 10�15.

See also Figure S2.
To test this model prediction, we focused on a Cdr2-T166A

mutant in an Ssp1-dependent phosphorylation site located at

the active site of the Cdr2 kinase domain. This alteration is more

specific than an ssp1-null allele, which has pleiotropic conse-

quences as Ssp1 has many targets [27]. This cdr2-T166A allele,

which has been previously characterized, is thought to be defi-

cient in kinase activity, as the mutant cells divide at the same
elongated length as aCdr2kinase-deadallelecdr2-E177Abut still

retains kinase-independent functions [4].Nevertheless, there isno

information available about the size control implemented by this

mutant (i.e., if it is still a sizer and which geometrical sensing it

might use). We therefore expressed mEGFP-Cdr2-T166A as the

only Cdr2 protein in strains of different widths. As shown previ-

ously, mEGFP-Cdr2-T166A still localizes to medial nodes [4].
Current Biology 29, 350–358, January 21, 2019 353
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Color legend: cdr2-T166A rga2D (FC3180; green; n = 150), cdr2-T166A (FC3164; red; n = 151), and cdr2-T166A rga4D (FC3183; blue; n = 140). Binned data (with

mean value ± SE) and associated regression line are shown in (B) and (C). Normalized RMSD (between binned data; STAR Methods) is also stated in (B) and (C);

t tests on normalized RMSDs all give p values < 10�5.

See also Figure S3.
Wealso verified that the nodal regionwidth andCdr2-T166Acyto-

plasmic concentration only varied weakly with cell length and

radius (Figures S3A–S3C). Strikingly, the experimental data

confirmed our theoretical prediction: the total Cdr2-T166A nodal

intensity scaled with total cellular surface area, with the Cdr2-

T166A nodal density scaling with cell length (Figures 3B and 3C;

p values < 10�5; unbiased cell size analysis in Figures S3D and

S3E). Accordingly, images showed the Cdr2-T166A nodal inten-

sity was visibly higher in thinner cells than fatter cells of the
354 Current Biology 29, 350–358, January 21, 2019
same volume (Figures S3F and S3G). These results were robust

to changes in the area or volume calculational methodology (Fig-

ures S3H and S3I). Overall, these findings support our proposed

Cdr2 nodal density size scaling mechanism.

Length Sensing Is Implemented in Thin cdr2-T166A

Mutant Cells
We next tested whether cdr2-T166A cells follow the Cdr2-T166A

nodal density scaling with length to divide at a specific length
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Figure 4. Size Homeostasis Is Based on Length in Thin cdr2-T166A Cells

(A) Distribution of cell length, surface area, and volume at division for cdr2-T166A rga2D, cdr2-T166A, and cdr2-T166A rga4D.

(B) Size homeostasis plots for cdr2-T166A rga2D, cdr2-T166A, and cdr2-T166A rga4D using cell length, surface area, or volume as sizemeasure. Slopes are�0.9

(cdr2-T166A rga2D), �0.7 (cdr2-T166A), and �0.7 (cdr2-T166A rga4D). Color legend: cdr2-T166A rga2D (FC3218; green; n = 1,785), cdr2-T166A (FC3216; red;

n = 1,561), and cdr2-T166A rga4D (FC3220; blue; n = 2,309). Binned data (with mean value ± SE) and associated regression line are shown in (B). Normalized

RMSD (between binned data; STAR Methods) is also stated.

(C) Relationship between division length and cell radius depends on the geometrical sensing: slope �1 for an area-based sizer mechanism (yellow full

line; log Ldiv = logðAdiv=2pÞ� log R, with Adiv = 165 mm2), slope of z �2 for a volume-based sizer (black dotted line; log LdivzlogðVdiv=pÞ� 2 log R, with Vdiv =

180 mm3). Data from Figure 1 are reported as mean value ± SE (color legend: rga2D, green; wild-type, red; rga4D, blue). Fitting is obtained by changing the

intercept only (specified by Adiv or Vdiv ).

(D) Data from (A), reported as mean value ± SE (cdr2-T166A strains; same color legend as in A), consistent with a length-based sizer for thin cells (purple full and

dotted line) and volume-based sizer for fat cells (black full and dotted line). An area-based sizer (dashed yellow line) is less consistent with the data.

(E) Experiment at higher pixel resolution on a mixture of cdr2-T166A rga2D, cdr2-T166A, and cdr2-T166A rga4D cells (total n = 401), using bin analysis based on

cell radius (with mean value ± SE), demonstrating crossover from length-based sizer (purple full and dotted line) to volume-based sizer (black full and dotted line)

behavior. A single area-based sizer (dashed yellow line) cannot fit the data (p value < 10�20 using c2 test).

See also Figure S4.
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instead of area. We performed size homeostasis experiments on

strains of different widths expressing untagged Cdr2-T166A:

cdr2-T166A rga2D; cdr2-T166A; and cdr2-T166A rga4D (Figures

4A, 4B, S4A, and S4B). cdr2-T166A cells were still able to regu-

late their size (with size homeostasis slopes below �0.7; Fig-

ure 4B), indicating that a sizer mechanism is still operating.

However, geometric analysis of the division size of the three mu-

tants was hard to interpret (Figures 4A and S4A). Although size

homeostasis RMSDs showed a minimum for surface area

(RMSD = 0.7; Figures 4B and S4B), this minimal value was

still higher than any previous minimal value (by more than

two-fold), potentially suggesting a more complex situation.

Moreover, area sensing cannot explain why cdr2-T166A and

cdr2-T166A rga4D divided at the same volume (Figures 4A and

S4A), a conclusion also supported by our size homeostasis plots

(Figures 4B and S4B) and confirmed by robustness (Figure S4C)

and unbiased g analysis (Figure S4D).

To better interpret these data, we plotted log(division length)

against log(cell radius). If the cells sense length, strains with

different radii will fall on a flat line ðlog Ldiv = constantÞ; for

area sensing, the slope will be �1 ðlog Ldiv = logðAdiv=2pÞ�
log RÞ and for volume sensing, the slope will be z �2

ðlog LdivzlogðVdiv=pÞ� 2 log RÞ. Figure 4C reports the data

from Figure 1: this plot supports the hypothesis that, in the pres-

ence of Cdr2, size control is based on area sensing (yellow line),

which intervenes at smaller sizes before Cdr2-independent con-

trol, more closely based on volume (black dotted line), could act

as a secondary sizer mechanism.

We next applied the same analysis to cdr2-T166A (Figure 4D).

Unlike for cdr2+ and cdr2D, the data are no longer well fitted by

any single line, demonstrating that size control is more complex

in cdr2-T166A. We therefore explored the hypothesis that cdr2-

T166A displays more than one type of geometric size control.

We supposed that thinner cdr2-T166A rga2D cells divide ac-

cording to length (specified by the nodal Cdr2-T166A density),

although wider cdr2-T166A and cdr2-T166A rga4D cells divide

more closely based on volume, as suggested by Figures 4A,

4B, and S4A–S4D. As shown in Figures 4D and S4B (black

and purple full and dotted lines), we find that this hypothesis

is indeed consistent with our data. This hypothesis predicts

that higher resolution radius data (allowing more radii bins)

should show a flat slope for thinner cells crossing over for wider

cells to a slope z �2. To test this hypothesis, we acquired

higher pixel resolution images from a mixture of the same three

strains. The data (Figure 4E) clearly exhibited these two slopes

(i.e., length- and volume-based sizers), supporting our interpre-

tation. Note that these data do not support potential area

sensing (yellow dashed line in Figures 4D and 4E; p value <

10�20 using c2 test) or a combination of length- and area-based

sizers. With our interpretation, the area overlap between cdr2-

T166A rga2D and cdr2-T166A rga4D cells (Figures 4A, 4B, S4A,

and S4B) is an indirect consequence of length sensing in cdr2-

T166A rga2D and sensing more closely based on volume in

cdr2-T166A rga4D.

The Figure 4E data may also explain why wider cdr2-T166A

cells divide more closely with volume not length. In these

cells, the secondary Cdr2-independent mechanism is presum-

ably still present. For wider cells, the normally secondary vol-

ume threshold for the Cdr2-independent pathway (full black
356 Current Biology 29, 350–358, January 21, 2019
line) may be attained first as the cells grow before the length

threshold (dotted purple line), although for thinner cells, the

length threshold (purple full line) may be reached before

the volume threshold (dotted black line). It is also formally

possible that cdr2-T166A rga2D cells divide according to length

for some other reason associated with rga2 deletion, though

our rga2D results for cdr2+ and cdr2D argue against this

possibility.

Conclusions
Here, we show that fission yeast cells possess a Cdr2-depen-

dent sizer mechanism that controls division at a specific total

cellular surface area. We derive a mathematical model showing

how Cdr2 may sense surface area through dynamic exchange

of Cdr2 molecules between nodes, cytoplasm, and plasma

membrane. Aided by this model, we find that a simple point mu-

tation cdr2-T166A changes the scaling of Cdr2-T166A nodal

density to cell length instead of total cellular surface area. A sub-

set of these cells now divided at a specific cell length, supporting

the key role of Cdr2 as a geometric sizer molecule. Our size ho-

meostasis experiments in the absence of Cdr2 also revealed

additional layers of regulation: a secondary sizer control more

closely based on volume and an adder- or timer-like control

that operates in cdr2D cells born at a larger size. The secondary

sizer mechanism could arise, for instance, from size scaling of

Cdc25 expression [36], which is potentially volume based.

Such multi-layer size control, also observed in [11], may provide

a robust means of controlling cell size, able to withstand sub-

stantial perturbation.

This work highlights how cells can utilize different aspects of

cell geometry in size regulation. Other related studies have

shown how mammalian cells base their size control on surface

area or volume [37] and how area to volume ratios can govern

bacterial cell shape [38] and Xenopus laevis spindle size [39],

and E. coli may control cell volume [40]. Evolution may have

co-opted different geometric quantities for size regulation de-

pending on the cell type. For instance, in plant cells, surface

area may be more relevant because their interior is occupied

by dynamic vacuoles. In contrast, the highly dynamic surface

of migrating animal cells may make cytoplasmic volume a

more reliable size indicator. Deciphering how molecules relay

geometrical information will be key to understanding the mech-

anisms of size control.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

S. pombe FC15: h- WT (972) Lab collection N/A

S. pombe FC2947: h- rga2::ura4+ ade6- leu1-32 ura4-D18 Lab collection N/A

S. pombe FC1901: h- rga4::ura4+ leu1-32 ura4-D18 Lab collection N/A

S. pombe FC3156: h+ cdr2-GFP:kanMX Lab collection N/A

S. pombe FC3187: h+ rga2::ura4+ cdr2-GFP:kanMX Lab collection N/A

S. pombe FC3189: h- rga4::ura4+ cdr2-GFP:kanMX Lab collection N/A

S. pombe FC3164: h- mEGFP-cdr2-T166A ura4+D18 This study N/A

S. pombe FC3180: h- rga2::ura4+ mEGFP-cdr2-T166A This study N/A

S. pombe FC3183: h- rga4::ura4+ mEGFP-cdr2-T166A This study N/A

S. pombe FC3216: h- cdr2-T166A Moseley Lab, JM2462 [4]

S. pombe FC3218: h- cdr2-T166A rga2::ura4+ This study N/A

S. pombe FC3220: h- cdr2-T166A rga4::ura4+ This study N/A

S. pombe FC3161: h+ cdr2::kanMX leu1-32 This study N/A

S. pombe FC3225: h- cdr2:: kanMX rga2::ura4+ leu1-32 This study N/A

S. pombe FC3227: h- cdr2:: kanMX rga4::ura4+ leu1-32 This study N/A

S. pombe FC2063: h- pom1::natMX4 ade6- leu1-32 ura4-D18 Lab collection N/A

S. pombe FC3173: h- ssp1-mEGFP::kanMX Moseley Lab, JM1260 [4]

Software and Algorithms

FIJI ImageJ NIH Image [41]

Microbetracker Jacobs-Wagner Lab http://microbetracker.org/

DeepCell Covert Lab [30]

Morphometrics Huang Lab [29]

CellDataAnalysis.m This study Data S1

Other

Cell Asic ONIX, 3.5 – 5.5 mm Y04C-02 EMD Millipore N/A

Ti-Eclipse Nikon Instruments N/A

40X Ph2, 60X and 100X Ph3 Plan Apo objectives Nikon Instruments N/A

ILE; 561nm, 488nm, Borealis Andor Technology N/A

Zyla-4.2 sCMOS camera Andor Technology N/A

ImagEM EM-CCD camera (C9100-13) Hamamatsu N/A

CSU-10 spinning disk Yokogawa N/A

Dark panels environmental incubator OkoLab N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Request for resources and reagents should be directed to Lead Contact Martin Howard (Martin.Howard@jic.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Full genotypes of the strains used in this work are listed in the Key Resources Table. Standard methods for S. pombe growth and

genetics were used [42]. Yeast cells were grown in YE5S rich medium with nutritional supplements at 175 mg/L. For solid media,

2% Difco Bacto agar was used. In general, strains were constructed using PCR-based homologous recombination methods for

gene insertions in the yeast chromosome [43]. For genetic crosses, cells were mated and sporulated at 25�C on SPAS plates with

supplements at 45 mg/L [44]. Spores were analyzed using tetrad dissection. Candidates were confirmed by PCR.
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METHOD DETAILS

Imaging and image analysis
Yeast cells were generally grown at 25�C in rich YE5S media. Cultures were inoculated from single colonies into liquid YE5S media,

grownovernight, dilutedback andgrownat least 6 hours tomid-exponential phase. For sizehomeostasis experiments, cellswere intro-

duced into microfluidic flow chambers (EMD Millipore, Cell Asic ONIX, 3.5 – 5.5 mm Y04C-02). Chambers were first primed for 15 min

with pre-warmedmedia, after which cells were loaded at a 1:20 dilution. Fresh, warmedYE5Smediawas flowed into culture chambers

at 5 psi at all time points. Cells were imaged in phase contrast in time-lapse every 10min. Cell growth and division were analyzed after

about 1 h introduction into the plate and followed for 2-3 generations. By analyzing each generation, we found that the cell size and

division data were consistent for the duration of this imaging period. For fluorescenceCdr2 imaging, cells were grown tomid-exponen-

tial phaseat 25�CatYE5S in a similarmanner.Cellswere concentrated in amini-microfuge for 10 sandplacedontoYE5S+1%agarose

pads, then sealed with valap. Multiple fields (up to 100 fields) were imaged within 30 min at 25�C. In order to measure the entire nodal

signal for all the strains, we acquired z stacks of 19 slices with a spacing of 0.4 mm (z-resolution of the objective) (Figure S4E).

Microscopy

All imaging was performed on a dual spinning disk confocal and widefield microscope system consisting of a Ti-Eclipse (Nikon

Instruments) stand with automated XYZ stage (ASI Instruments). Temperature was maintained by an environmental incubator

(OkoLab), which was warmed for at least 1 h prior to imaging. Phase-contrast widefield imaging was performed with a 100X Ph3

Plan Apo objective (Nikon Instruments) and a Zyla-4.2 sCMOS camera (Andor Technology) with 2x2 binning (1x1 binning was

used for higher pixel resolution imaging in Figure 4E, pixel size of 67 nm). For data in Figures 1E, 1F, S1E, S1F, S4A, and S4B, a

40X Ph2 Plan Apo objective (Nikon Instruments) with a 1.5x magnification tube lens was used. Fluorescence imaging was performed

using a 60X Plan Apo objective (Nikon Instruments) with a solid-state laser source (Andor Technologies, ILE; 561nm, 488nm, Borea-

lis), spinning disk confocal head (Yokogawa CSU-10) and EM-CCD camera (Hamamatsu).

Cell segmentation

For size homeostasis studies, phase contrast images were analyzed using a partially automated pipeline. First, images were pre-pro-

cessed using FIJI (ImageJ) for data handling, where each cell was manually cropped at birth and division, as identified by initial cell

division and presence of septa, respectively. Next, a deep neural network machine learning algorithm [30] was used to generate

binary images for feature (outline/cytoplasm) identification. These contours were then used for traditional gradient segmentation

in Morphometrics, a MATLAB-based software package that further implements routines for sub-pixel contour resolution [29]. Cells

with an obvious incorrect segmentation were manually removed. High resolution image analysis in Figure 4E was aided by the large

number (z200) of radius measurements, allowing a highly precise estimate of each cell’s mean radius (see next section). Further-

more, the radius determination in eachmeasurement was not limited by the close overlap between two closely positioned fluorescent

peaks, meaning that the diffraction limit was not strongly constraining in this case. Manual segmentation was required for bright-field

images taken with GFP acquisition. The tool Microbetracker was used to assist with this manual cell segmentation.

Cell geometry measurements

For a given cell segmentation, the cell symmetry axis was identified using principal component analysis of the cloud of points internal

to the cell. Along this axis we measured the cell length L. The shortest distance from the border to the symmetry axis defined the

profile R(x), 0 % x % L, of the cell radius. From R(x), and in order to confirm the robustness of our results, we calculated the surface

area and volume of the cells of a given strain in three different ways: (1) by rotation of the R(x) function of each single cell around the

symmetry axis (this approach avoids assuming a cylindrical shape of the cell), (2) by calculating the mean radius of each single cell

and then employing the appropriate equations for surface area and volume of a cylinder with hemispherical ends; (3) by assuming that

every cell of a given strain has the same cell radius (average over the cell population) and then using the same equations for area and

volume of a cylinder with hemispherical ends (Table S1). Figures S1A, S1G, S2E, S2F, S3H, S3I, and S4C show that similar results

were obtained with each method. Plots in the main text, except Figure 4E, report data obtained with methodology (3), as do all Sup-

plemental Figures, except the bar charts in Figures S1A, S1G, S2E, S2F, S3H, S3I, and S4C. Figure 4E uses methodology (2). All

calculations were performed in MATLAB (see Data S1).

Calculation of Cdr2 cytoplasmic concentration and Cdr2 nodal amount and density

For the cytoplasmic Cdr2 concentration, we used the mid-focal plane image andmeasured the averaged GFP fluorescence intensity

in the cytoplasm (specifically excluding the nuclear region). In the calculation of the Cdr2 nodal amount from its GFP intensity, we

used the following methodology. We used a sum projection (over the 19 slices of the z stack, Figure S4E). From this sum projection,

we first identified andmeasured the nodal area as follows. Fluorescence intensity was summed and projected onto the cell symmetry

axis. This procedure gave the profile of the Cdr2 intensity along the cell length (Figures S4E and S4F). The nodal peak was then fitted

with a Gaussian profile (with meanm and variance s2) that emerges from the ‘‘background’’ intensity from the rest of the membrane

and cytoplasm. The width of the nodal area was then set equal toW = 4s. The summation of the intensity in the rangem ± 2s gave the

‘‘Cdr2 nodal intensity.’’ The ratio between this nodal intensity and the area of the nodal region ðAnodal = 2pRWÞ gave the ‘‘Cdr2 nodal

density.’’ This procedure was automated by implementing custom MATLAB code (see Data S1).

Mathematical model
We describe here the model we use to predict length scaling of the nodal Cdr2 density in cdr2-T166Amutant. In the following, [Ssp1]

and [Cdr2u] denote the cytoplasmic concentrations of Ssp1 and unphosphorylated Cdr2, respectively, kp the kinetic constant for
e2 Current Biology 29, 350–358.e1–e4, January 21, 2019



Cdr2 phosphorylation by Ssp1, kb the membrane-binding constant of unphosphorylated Cdr2, Nnodal the total amount of Cdr2 in the

nodal region, l the Cdr2 nodal dissociation parameter and Nu the number of copies of unphosphorylated Cdr2 in the cytoplasm.

Scaling of nodal Cdr2 density in wild-type cells

We first write an equation for the dynamics of the cytoplasmic population of unphosphorylated Cdr2, with protein copy number Nu.

Unphosphorylated cytoplasmic Cdr2 can follow two pathways: either be phosphorylated in the cytoplasm by Ssp1 before mem-

brane-binding (with overall rate � kp½Ssp1�½Cdr2u�Vcell), or alternatively undergo spontaneous membrane-binding (with overall

rate � kb½Cdr2u�Amemb). Consistent with turnover of Cdr2 molecules within nodes [3, 17], Cdr2 can dissociate from nodes and return

to the cytoplasm (with overall rate + lNnodal). The equation for Nu is then:

dNu

dt
= � kp½Ssp1�½Cdr2u�Vcell � kb½Cdr2u�Amemb + lNnodal:

Following these processes, a non-nodal population of membrane Cdr2 exists which can subsequently relocate to the nodes, in an

incompletely understood process. Nevertheless, since this latter process involves the membrane population of Cdr2, and does not

directly affect cytoplasmic levels of Cdr2, it does not appear in this equation. For the same reason, we do not consider in detail the

dynamics of node formation. Of course, this processmay be important for downstream signaling or other purposes, but in principle is

not itself required for size scaling. Cdr2 dynamics are in an approximate steady-state because of rapid Cdr2 nodal turnover (t1=2 = 3

min, much shorter than the cell cycle period [3, 17]), and because nodal Cdr2 levels are unchanged with time in non-growing cells [3].

By setting dNu=dt = 0 (steady-state condition), we have:

kp½Ssp1�½Cdr2u�Vcell + kb½Cdr2u�Amemb = lNnodal: (1)

We then make the following two assumptions: (i) Ssp1-mediated phosphorylation occurs much faster than spontaneous membrane

binding of unphosphorylated Cdr2; (ii) membrane binding of phosphorylated Cdr2 is also sufficiently rapid. Because of assumption (i),

the term kb½Cdr2u�Amemb can be ignored, and because of assumption (ii), the unphosphorylated cytoplasmic Cdr2 concentration can

be approximated by the total cytoplasmic Cdr2 concentration [Cdr2]. To examine whether these assumptions are reasonable, we

measured the Cdr2 membrane affinity, comparing the membrane (non-nodal) to cytoplasmic ratio of Cdr2 fluorescence density.

This ratio was higher in the wild-type compared to the case of non-phosphorylatable Cdr2-T166A (see Figure S2K) consistent

with these assumptions. Furthermore, we found experimentally that both Cdr2 and Ssp1 cytoplasmic concentrations are constant

(Figures S2B, S2I, and S2J, respectively), so that kp½Ssp1�½Cdr2�can be replaced by a simple factor K. Incorporating this finding leads

to the following simple equation:

KVcell = lNnodal; (2)

which indicates that theCdr2 nodal amount scaleswith volume, as observed experimentally. To deduce theCdr2 nodal density (num-

ber of Cdr2 proteins per unit area of the nodal region), we divideNnodal by the area occupied by the nodes, Anodal = 2pRW, whereW is

the nodal region width. We found experimentally thatW is approximately constant with respect to varying cell lengths and radii (Fig-

ure 2D). Since VcellzpR2L;we find that the Cdr2 nodal density rnodal scales with area 2pRL (Figure 2C equations), again as observed

experimentally.

Prediction about a non-phosphorylatable Cdr2 mutant

This model provides a striking prediction that it may be possible to alter the scaling of the nodal density rnodal from area to length.

Equation 1 has two terms: the first proportional to volume (Cdr2 phosphorylation by cytoplasmic Ssp1) and the second proportional

to area (direct Cdr2 membrane binding). We previously ignored Cdr2 membrane binding by assuming fast Ssp1 phosphorylation.

However, if we remove the cytoplasmic phosphorylation reaction (kp = 0 in Equation 1), we retain the surface area term:

kb½Cdr2�Amemb = lNnodal: (3)

Therefore, in a mutant where Cdr2 is non-phosphorylatable by Ssp1 and has a constant cytoplasmic concentration, this equation

predicts surface area scaling of total nodal Cdr2, and hence the nodal Cdr2 density should scale with length (Figure 3A equations).

The key step for the size scaling

The key to manipulating the geometrical size sensing of Cdr2 in this model lies in identifying where, after nodal unbinding, the protein

next interacts: if this occurs in the cytoplasm, area sensing results, if this occurs on the membrane, length sensing results. More

detailed Cdr2models incorporatingmany of these additional processeswere analyzed in depth providing amore detailed description

of the Cdr2 nodal accumulation (e.g., the increase of Cdr2-pT166 levels while the cell elongates). Nevertheless, as expected, our

fundamental size scaling results were unaffected, and we therefore omit these detailed analyses. Previous models of Cdr2 dynamics

[3], have discussed size scaling dynamics in terms of ‘‘antenna models,’’ similar to those used in models of microtubule size scaling

dynamics [45]. The antenna is the region over which size information is acquired by a molecule, before the molecule is itself concen-

trated into a spatially limited region for size readout. The models used here can also be cast in this form: for the wild-type (cdr2-

T166A), the cytoplasm (membrane) is the ‘‘antenna’’ giving total Cdr2 intensity scaling with cell volume (surface area). When

generating the local Cdr2 density, these quantities are divided by the nodal area, leading to cell surface area (length) size scaling.

Additional considerations

As mentioned above, the relatively rapid Cdr2 turnover within nodes (with a t1=2 = 3 min), much faster than the cell cycle timescale,

ensures that the Cdr2 dynamics come into steady-state. This timescale is consistent with previous FRAP experiments [3, 17], though
Current Biology 29, 350–358.e1–e4, January 21, 2019 e3



these experiments did also reveal an immobile fraction, which is likely related to the internal part of each node. Nevertheless, since

the size distribution of the nodes (as given by fluorescence intensity of individual nodes usingmEGFP-labeled Cdr2) does not change

with cell length [3], the immobile part is always a constant fraction f of the total Cdr2 nodal amount. Therefore, replacingNnodal with the

mobile fraction Nmobile =Nnodal � Nimmobile = ð1� fÞ$Nnodal within our model again made no difference to the size scaling dynamics.

Equations 1 and 2 in the main text also incorporate the entire interior of the cell as locations where Cdr2 can be phosphorylated

by Ssp1. However, it is worth noticing that only a fraction of the cytoplasmic volume is accessible to Cdr2, i.e., the total volume

reduced by the nucleus and the volume of cytoplasmic vacuoles. Clearly, the two regions are not equivalent. Nevertheless, it has

been shown previously that there exists a constant ratio between the nuclear volume and cell volume [3, 46]. Moreover, we have veri-

fied that a similar result applies to the vacuoles (Figures S2I and S2L). Consequently, the volume of the accessible cytoplasm is a

constant fraction of the entire cell volume (i.e., Vaccessible = c$Vcell) and therefore Equations 1 and 2 are still valid. A similar result

has been obtained in budding yeast [47]. The vacuole versus cell volume ratio was calculated based on the cross-sectional areas

found at the mid focal plane (Figure S2I). We assumed here that the total vacuole cross-sectional area fraction in other focal planes

is the same as at the mid focal plane.

QUANTIFICATION AND STATISTICAL ANALYSIS

Normalized RMSD calculations and p values
To calculate the normalized RMSD (Root Mean Square Deviation) for a set of three strains, we used the following methodology. The

calculation was performed on the regression lines of the binned data. First, we identified a range on the x axis that was approximately

in common between the three strains. For each pair of strains, we calculated the RMSD over this interval (discretized with a set of

equally spaced points; fxigi = 1;::;N; N = 20), i.e.,RMSD y; y
0� �
= 1=N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i y xið Þ � y0 xið Þ½ �2

q
. The sumof all these RMSDs between all three

pairs of strains was then divided by the mean of all the y values.

Since the calculation is performed on the common x axis range, the RMSD only quantifies the overlap in the y direction, as required.

However, when the three strains (thin, wild-type and fat) share only a narrower overlap range along the x axis, a visual impression of a

weaker overlap may appear. An example is the volume scaling of the total Cdr2 nodal fluorescence in Figure 2A: the fact that cells

divide at a constant area reduces the overlap in the x direction in the rightmost plot which reports volume. A similar effect occurs in

Figure 3C in the case of Cdr2-T166A nodal density versus length. The RMSD value overcomes this problem and provides an appro-

priate quantification of the overlap. We also tested for the significance of the difference between the RMSDs for two geometrical

quantities. Linear regression provided the slope and intercept with the standard deviation. From this statistical information, we

numerically derived the distribution of the RMSD for each geometrical quantity. We then used t tests to compute p values for the

RMSDs to be different.

Generalized size measure analysis
In addition to our analysis to distinguish between the three standard geometrical quantities (length, area and volume), we also used

the data to analyzemore general and unbiasedmeasures of cell size, aswe describe below. In Figure S1B (size homeostasis in rga2D,

wild-type and rga4D), we investigate the generalized size measure RgL, asking what value of g would give the smallest normalized

RMSDwith our experimental data. This procedure allows us to comparemeasures of size different from the standard length, area and

volume without any bias. We find that an optimum is achieved for gz1, i.e., for surface area sensing, AcellfRL. In Figures S1H and

S4D, we repeat this analysis for size homeostasis in cdr2D rga2D, cdr2D, cdr2D rga4D, and in cdr2-T166A rga2D, cdr2-T166A, cdr2-

T166A rga4D, respectively. We now find that the smallest RMSDs are achieved for gz1.62 and gz1.66, respectively. These results

are close to cell volume sensing, since V = pR2ðL� 2R=3Þ, which can be approximated as VzpR2Lq, with q > 1, or VzpðRgLÞ2=g,
with an effective exponent of gz1:75. Here and in all figures referred to in this section we use the cell population average method-

ology (Table S1) for segmentation. In Figures S2C and S2D, we fit the experimental total nodal mEGFP-Cdr2 intensity and nodal

mEGFP-Cdr2 density from pooled rga2D, wild-type and rga4D data against the general size measure RaLb. We again search for

optimal respective values of a=bwith minimal RMSD as compared to our experimental data, allowing us to probe how the Cdr2 levels

scale with generalized measures of cell size other than length, area and volume. We find optimal values of around a=bz2 for the total

nodal Cdr2, consistent with volume scaling, while for the nodal Cdr2 density a=bz1 was optimal, consistent with area scaling. In

Figures S3D and S3E, we repeat this analysis for size homeostasis in cdr2-T166A rga2D, cdr2-T166A, cdr2-T166A rga4D. We

now find optimal values of around a=bz1 for the total nodal Cdr2, consistent with area scaling, while for the nodal Cdr2 density

a=bz0 was optimal, consistent with length scaling.

DATA AND SOFTWARE AVAILABILITY

MATLABcodeCellDataAnalysis.m (seeDataS1) reads thesegmentationoutput fromMicrobetracker/Morphometricsandcalculates the

cell geometry features (radius, length, surface area and volume according to expressions in Table S1). By using this segmentation data

and the fluorescence images (mEGFP-Cdr2 signal), the code also calculates the nodal intensity, nodal density and cytoplasmic level of

Cdr2 (as described in the paragraph ‘‘Calculation of Cdr2 cytoplasmic concentration and Cdr2 nodal amount and density’’ above).
e4 Current Biology 29, 350–358.e1–e4, January 21, 2019
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Figure S1. Size homeostasis in the wild-type and cdr2Δ mutant. Related to Figure 1. 
(A) Robustness to changes in the methodology for calculating the area or volume: we calculated the surface area 
and volume of the cells of a given strain in three different ways: (1) by rotation of the R(x) function (the shortest 
distance from the cell border to the symmetry x-axis) of each single cell around the symmetry axis (this approach 
avoids assuming a cylindrical shape of the cell); (2) by calculating the mean radius of each single cell and then 
employing the appropriate equations for surface area and volume of a cylinder with hemispherical ends; (3) by 
assuming that every cell of a given strain has the same cell radius (average over the cell population) and then using 
the same equations for area and volume of a cylinder with hemispherical ends (see Table S1). Bars report 
Normalized Root Mean Square Deviation (RMSD, divided by mean value) from equivalents of plots in Figure 1D for 
cell length, area and volume, but where cell geometry is calculated with each of the above three possible methods, 
with and without bin analysis: smallest RMSD always obtained for surface area. Black lines: average over the 6 
methodologies with dotted lines indicating ± standard error.  
(B) Analysis for generalised size measure 𝑅𝛾𝐿: smallest normalized RMSD (calculated as in Figure 1D) is achieved 
for 𝛾 ≈ 1, i.e. for surface area sensing, 𝐴cell ∝ 𝑅𝐿.  
(C) Because of their longer division size, cdr2Δ mutants might show two regimes in a size homeostasis plot: a 
steeper part (sizer-like) for shorter sizes at birth (lower than a given threshold, magenta colour), and a flatter part 
for longer sizes at birth (higher than the threshold, green colour). Example of absence of two regimes in wild-type 
cells (left panel, FC15, n=1061, data from Figure 1D). Example of two regimes in the well-known case of pom1Δ 

mutant (middle panel, FC2063, n=1802). Two regimes in cdr2Δ mutant (right panel, FC3161, n=1277, data from 
Figure 1F). Binned data (with mean ± standard error) and associated regression lines shown. The threshold value 
between the two regimes was fixed at 60% of the average division length.   
(D) In order to identify the two regimes more precisely, we scanned different positions of the threshold and 
calculated the slope of the two subsets of cells. We found that the largest difference between the two slopes is 
where the threshold is at about 60% of the division size. We report here the histogram analysis on the two slopes 
when this border is scanned over a range from about 50% to 70%. The wild-type and pom1Δ mutant are used as 
negative and positive references, respectively.  Left panel: histogram distribution of the slopes for wild-type. 
Middle panel: histogram distribution of the slopes for pom1Δ. Right panel: histogram distribution of the slopes for 
cdr2Δ. Slope values around -0.6 (close to those found for the wild-type) for the steeper part in cdr2Δ suggest that 
a sizer mechanism is still operating. 
(E) Repeated experiment of cdr2Δ size sensing. Distribution of cell length, surface area and volume at division for 
cdr2Δ rga2Δ, cdr2Δ and cdr2Δ rga4Δ, as in Figure 1E. Colour legend: cdr2Δ rga2Δ (FC3225, green, n=932), cdr2Δ 
(F3161, red, n=919) and cdr2Δ rga4Δ (FC3227, blue, n=1034). 
(F) Size homeostasis plots from repeated experiment for cdr2Δ rga2Δ, cdr2Δ and cdr2Δ rga4Δ using cell length, 
surface area or volume as size measure, as in Figure 1F. Slopes for shorter sizes at birth only (less than 60% of the 
average division size, i.e. for the sizer regime, coloured lines; see panel C) are -0.7 (cdr2Δ rga2Δ), -0.6 (cdr2Δ) and -
0.6 (cdr2Δ rga4Δ). Slopes of the regime for longer sizes at birth (grey lines) are -0.5, -0.2 and -0.6, respectively. 
Binned data (with mean ± standard error) and associated regression lines shown. Normalized Root Mean Square 
Deviation (RMSD, divided by mean value) also stated. The t-test on the RMSD of volume vs RMSD of area shows a 
p-value lower than 10-20.  
(G) Bars report normalized RMSD from equivalents of plots in Figure 1F, but where cell geometry is calculated with 
each of the three possible methods from Table S1, with and without bin analysis. Smallest RMSD always obtained 
for volume. Black lines: average over the 6 methodologies, with dotted lines indicating ± standard error.  
(H) Analysis of data from Figure 1F for generalised size definition, 𝑅𝛾𝐿: smallest RMSD (calculated as in Figure 1F) 
is achieved for 𝛾 ≈ 1.62. This result is close to cell volume sensing (since 𝑉 = 𝜋𝑅2(𝐿 − 2𝑅/3), the theoretical value 
is 𝛾 ≈ 1.75, dotted line; see STAR Methods). Numerical analysis showed that this shift toward volume sensing is 
not due to the increase in the division length (data not shown). 
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Figure S2. Size scaling behaviour of Cdr2. Related to Figure 2. 
(A-B) Total EGFP-Cdr2 fluorescence divided by cell volume as function of cell length for rga2Δ, wild-type and rga4Δ 
(panel A). Plot of mEGFP-Cdr2 cytoplasmic concentration measured as mean cytoplasmic fluorescence intensity 
(excluding nuclear region) as function of cell length for rga2Δ, wild-type and rga4Δ (panel B).  
(C-D) Fit of experimental total nodal mEGFP-Cdr2 intensity (from Figure 2A) and nodal mEGFP-Cdr2 density (from 

Figure 2B) from pooled rga2Δ, wild-type and rga4Δ data against general size measure 𝑅𝛼𝐿𝛽, searching for optimal 
respective values of 𝛼/𝛽 with minimal RMSD (insets). Optimal values stated in panels: for total intensity, 𝛼/𝛽 ≈ 2 
was optimal, consistent with volume scaling (panel C), for density, 𝛼/𝛽 ≈ 1 was optimal, consistent with area 
scaling (panel D).  
(E-F) Bars report results using each of the methods from Table S1, with and without bin analysis. (panel E) 
Normalized RMSD of mEGFP-Cdr2 nodal intensity plotted against cell length, surface area and cell volume, from 
equivalent plots as in Figure 2A. Cell volume always shows the smallest RMSD. (panel F) Normalized RMSD of Cdr2 
nodal density plotted against cell length, surface area or volume, from equivalent plots as in Figure 2B. Surface area 
always shows the smallest RMSD. Black lines: average over the 6 methodologies with dotted lines indicating ± 
standard error. 
(G-H) Repeated experiment as in Figure 2A-B. Plots of total nodal intensity of mEGFP-Cdr2 (top row) and of nodal 
density of mEGFP-Cdr2 (bottom row) for rga2Δ, wild-type and rga4Δ as function of length, surface area and volume. 

Colour legend: rga2Δ (FC3187, green, n=150), wild-type (FC3156, red, n=151) and rga4Δ (FC3189, blue, n=140). 
Normalised Root Mean Square Deviation (RMSD between binned data) also stated; t-tests on the differences 
between the RMSDs give p-values < 10-8. 
(I) Mid-focal plane confocal image on agar of cells expressing Ssp1-mEGFP (FC3173).  
(J) Cytoplasmic concentration of Ssp1 measured as mean cytoplasmic fluorescence intensity (excluding nuclear 
region). Strain FC3173, n=87. 
(K) Membrane affinity measured as ratio of the mEGFP-Cdr2 mean intensity between membrane (non-nodal) and 
cytoplasm (from middle plane section image). For each box, the central mark indicates the median; the bottom and 
top edges of the box indicate the 25th and 75th percentiles, respectively; the whiskers extend to the most extreme 
data points not considered outliers; outliers are reported individually by the '+' symbol. Stains: wild-type (FC3156, 
n=224), cdr2-T166A (FC3164, n=257). 
(L) Proportionality between total vacuole volume and cell volume. We assumed that the round dark objects in the 
images represent the nucleus (large medial structure) and vacuoles (smaller structures). From a single mid-focal 
plane image, we estimated total vacuole volume and cell volume (see STAR Methods for details). Fitted line has the 
reported equation. These data suggest that total vacuole volume scales proportionally with cell volume. Strain 
FC3173, n=103. 
Binned data (with mean ± standard error) and associated regression line also shown in all panels (except E, F, I, K). 
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Figure S3. Size scaling behaviour of Cdr2-T166A. Related to Figure 3. 
(A) Confocal image of Cdr2-T166A fluorescence at the middle plane.  

(B-C) Width of the nodal area does not change with cell radius but varies weakly with cell length, i.e. 𝑊 ∝ 𝐿𝜃, 𝜃 ≈
0.4 (panel B). Because of this, the Cdr2 nodal density scales with respect to cell length in a sublinear manner: 

𝜌nodal ∝
𝐴𝑚𝑒𝑚𝑏

𝐴𝑛𝑜𝑑𝑎𝑙
=

2𝜋𝑅𝐿

2𝜋𝑅𝑊
=

2𝜋𝑅𝐿

2𝜋𝑅𝐿𝜃
≈ 𝐿0.6. Nevertheless, these equations show that the independence of 𝜌nodal from 

cell radius is still preserved. Hence, we expect 𝜌nodal to scale much more closely with cell length than with either 
surface area or volume, as found in Figure 3. Cytoplasmic concentration of Cdr2-T166A measured as mean 
cytoplasmic fluorescence intensity (excluding nuclear region) does not significantly change with cell size (panel C). 
Colour legend: cdr2-T166A rga2Δ (FC3180, green, n=265), cdr2-T166A (FC3164, red, n=257) and cdr2-T166A rga4Δ 
(FC3183, blue, n=206). Measurements on same cells as used for Figure 3B,C. Binned data (with mean ± standard 
error) and associated regression lines also shown in (B,C). 
(D-E) Fit of experimental total nodal mEGFP-Cdr2-T166A intensity (panel D) and nodal mEGFP-Cdr2-T166A density 
(panel E) from pooled cdr2-T166A rga2Δ, cdr2-T166A and cdr2-T166A rga4Δ data against general size measure 

𝑅𝛼𝐿𝛽, searching for optimal respective values of 𝛼/𝛽 with minimal RMSD (insets). Optimal values stated in panels: 
for total intensity, 𝛼/𝛽 ≈ 1 was optimal, consistent with area scaling (Figure 3B), for density, 𝛼/𝛽 ≈ 0 was optimal, 
consistent with length scaling (Figure 3C). 
(F-G) Image (sum projection) and fluorescence intensity profile along cell axis (same procedure as in Figure S4E) of 
three representative cells expressing wild-type mEGFP-Cdr2 (unmodified scaling, panel F) and of three 
representative cells expressing mEGFP-Cdr2-T166A (altered scaling, panel G). In each case, the three cells shown 
have approximately the same volume. Note that while mEGFP-Cdr2 intensity is similar in the three cells, mEGFP-
Cdr2-T166A intensity is higher in thinner cells than fatter cells. These results are consistent with total Cdr2 nodal 
intensity scaling with volume in the wild-type, but with surface area in cdr2-T166A mutants, as predicted by our 
model.  
(H-I) Scaling of mEGFP-Cdr2 total intensity and density in cdr2-T166A rga2Δ, cdr2-T166A and cdr2-T166A rga4Δ are 
not affected by data analysis methodology. Bars report results using each of the methods from Table S1, with and 
without bin analysis. Panel H: normalized RMSD of mEGFP-Cdr2-T166A total nodal intensity plotted against cell 
length, surface area and cell volume, from equivalent plots as in Figure 3B. Surface area always shows the smallest 
RMSD. Panel I: normalized RMSD of mEGFP-Cdr2-T166A nodal density plotted against cell length, surface area and 
cell volume, from equivalent plots as in Figure 3C. Cell length always shows the smallest RMSD. Black lines: average 
over the 6 methodologies with dotted lines indicating ± standard error.  
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Figure S4. Size homeostasis in cdr2-T166A and image analysis methodology. Related to Figure 4 and STAR Methods. 
(A-B) Repeated experiment for cdr2-T166A. Top panels: distribution of cell length, surface area and volume at 
division; Bottom panels: Size homeostasis plots using cell length, surface area or volume as size measure, for cdr2-
T166A rga2Δ, cdr2-T166A and cdr2-T166A rga4Δ. Slopes are –1.0, -0.9 and -0.8, respectively. Colour legend cdr2-
T166A rga2Δ (FC3218, green, n=596), cdr2-T166A (FC3216, red, n=902) and cdr2-T166A rga4Δ (FC3220, blue, 
n=750). Binned data (with mean ± standard error) and associated regression line shown. Normalized Root Mean 
Square Deviation (RMSD, divided by mean value) also stated. Last plot of panel B shows the same analysis as Figure 
4D but for this repeated experiment. Data consistent with thinner cdr2-T166A rga2Δ cells dividing according to 
length, while wider cdr2-T166A and cdr2-T166A rga4Δ cells divide more closely specified by volume. 
(C) Result for size homeostasis for cdr2-T166A and cdr2-T166A rga4Δ being more closely specified by volume (data 
from Figure 4A-B) is not affected by data analysis methodology. Bars report normalized RMSD from equivalents of 
plots such as those in Figure 4B, but where cell geometry is calculated with each of the three possible methods 
from Table S1, with and without bin analysis: smallest RMSD always obtained for volume. Black lines: average over 
the 6 methodologies with dotted lines indicating ± standard error.  
(D) Analysis of cdr2-T166A and cdr2-T166A rga4Δ data from Figure 4B for generalised size definition, 𝑅𝛾𝐿: smallest 
RMSD (calculated as in Figure 1F) is achieved for 𝛾 ≈ 1.66. This result is close to cell volume sensing (since 
𝑉 = 𝜋𝑅2(𝐿 − 2𝑅/3), the theoretical value is 𝛾 ≈ 1.75, dotted line; see STAR Methods and Figure S1H).  
(E) mEGFP-Cdr2 intensity profile (green dotted line) is a second sum projection along the cell axis. The profile is 
fitted by a Gaussian distribution above a background level (ellipse equation, dashed black line). Mean value and 
standard deviation of the Gaussian fit define the nodal region position and width (red segment), respectively. 
mEGFP-Cdr2 total nodal intensity is calculated as the total fluorescence in this region (blue shaded area).  
(F) Example of mEGFP-Cdr2 intensity profile and fitting. 
 
  



 
 

 

Name “rotation” “single-cell mean” “cell population average” 

 
Description 

Rotation around the  
symmetry axis of each 

single cell 

Using mean radius of 
each single cell 

Using average over entire cell 
population of mean radius of 

each single cell, with each strain 
considered separately 

Cell radius Function 𝑅(𝑥) 𝑅̅ =
1

𝐿 − 2𝛿
∫ 𝑅(𝑥)𝑑𝑥
𝐿−𝛿

𝛿

 ⟨𝑅̅⟩ =
1

𝑁
∑𝑅̅𝑖

𝑁

𝑖=1

 

Cell length 𝐿 𝐿 𝐿 

Cell surface area 2𝜋∫ 𝑅(𝑥)√1 + 𝑅′(𝑥)2𝑑𝑥
𝐿

0

 2𝜋𝑅̅𝐿 2𝜋⟨𝑅̅⟩𝐿 

Cell volume 𝜋∫ 𝑅2(𝑥)𝑑𝑥
𝐿

0

 𝜋𝑅̅2𝐿 −  
2

3
𝜋𝑅̅3 𝜋⟨𝑅̅⟩2𝐿 −  

2

3
𝜋⟨𝑅̅⟩3 

 
Table S1. Three methods for calculating geometrical quantities for cells of a given strain. Related to STAR Methods. 
To test the validity of methods for calculating geometric quantities from mid-focal plane phase images of rod-
shaped S. pombe cells, we compared these three methods. Figures S1A, G, S2E-F, S3H-I and S4C show these three 
methods lead to the same conclusions. The main figures (except Figure 4E, for which it is necessary to use “single-
cell mean”) report on data that were obtained with methodology “cell population average”. Note that δ is 
approximated as R(L/2) for “cell radius”. 
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