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SUMMARY

Positional information derived from local morphogen
concentration plays an important role in patterning. A
key question is how morphogen diffusion and gene
expression regulation shape positional information
into an appropriate profile with suitably low noise.
We address this question using a model system—
the C. elegans germline—whose regulatory network
has been well characterized genetically but whose
spatiotemporal dynamics are poorly understood.
We show that diffusionwithin the germline syncytium
is a critical control of stem cell differentiation and that
semi-permeable diffusion barriers present at key
locations make it possible—in combination with a
feedback loop in the germline regulatory network—
for mitotic zone size to be robust against spatial
noise in Notch signaling. Spatial averaging within
compartments defined by diffusion barriers is an ad-
vantageous patterning strategy, which attenuates
noise while still allowing for sharp transitions be-
tween compartments. This strategy could apply to
other organs.

INTRODUCTION

Long-range diffusion of signaling molecules is a well-established

general mechanism of pattern formation and size control

(Wolpert, 1996). If a morphogen diffuses away from a localized

source, cells can, in principle, map their distance to the source

by reading the local morphogen concentration: the lower the

local concentration read by the cell, the larger the distance to

the source. However, under this apparently simple principle

lies a fundamental robustness problem (reviewed by Lander,

2011, 2013). The precision of gradients and the molecular

machinery that cells use to decode them are sharply limited,

in part because of molecular noise. Thus, readouts of low

morphogen concentrations may be particularly noisy, and
Developme
fluctuations in intensity or location of the morphogen source

could lead to errors in positional information estimated from

morphogen concentration away from the source. How tissues

are robustly patterned despite molecular noise is, therefore, a

question of outstanding interest.

Consistent with the idea that robustness of positional informa-

tion is an important design principle of developing organisms,

morphogen gradients are, as a rule, not simply generated by

free extracellular diffusion but are, in addition, actively shaped

by the tissues they are patterning. Two broad classes of mech-

anisms have beenwell studied bywhich diffusion ofmorphogens

is controlled to shape their gradient. In a class of mechanisms

active throughout the tissue, morphogens physically interact

with coreceptors and extracellular matrix proteins that are

thought to control local diffusion (e.g., Yan et al., 2010); the

very interaction between morphogen and receptors that read

their concentration can also be used to shape the gradient in a

desirable way (Eldar et al., 2003; Lander et al., 2009). In a mech-

anism active at specific positions in the tissue, barriers can block

morphogen diffusion across boundaries between morphoge-

netic subunits, thus allowing these subunits to be patterned

independently (Rinne and van der Schoot, 1998; Kornberg and

Guha, 2007). A less explored third possibility is that diffusion

barriers could be only semi-permeable and used not to set the

boundaries of a domain reachable by a diffusing morphogen

molecule but to shape the overall spatial profile by slowing

down morphogen diffusion at key points. The relevance of

such a mechanism is supported by the role of cellular structures

in shaping the Bicoid gradient in the Drosophila embryo (Coppey

et al., 2007; Kavousanakis et al., 2010; Daniels et al., 2012).

The C. elegans hermaphrodite gonad is a well-established

model system for patterning and stem cell differentiation (Hub-

bard and Greenstein, 2005; Kimble and Crittenden, 2007;

Hansen and Schedl, 2013), in which diffusion can be readily as-

sayed experimentally. The hermaphrodite gonadal arm forms a

tube; stem cells reside at the distal end within a ‘‘mitotic zone’’

(MZ; Figure 1A), and cells progressively differentiate as they

are displaced from that end in a proximal direction—initially

entering the ‘‘transition zone’’ (TZ). GLP-1/Notch signaling pro-

vided by the ‘‘distal tip cell’’ (DTC), which forms the stem cell

niche, is required for stem cell self-renewal and is known to
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mailto:olivier.cinquin@uci.edu
http://dx.doi.org/10.1016/j.devcel.2015.10.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.devcel.2015.10.027&domain=pdf


Mitotic Zone Pachytene

OocytesSpermEmbryos

Rachis

GLP-1/ 
Notch

DTC
LAG-2 

Distal Proximal
Transition Zone

*

*

A

B
LAG-2

(Notch ligand)
GLP-1/Notch 

signaling
FBF GLD-1 Differentiation

Oocytes

Figure 1. Gonadal Arm Organization and

Core Regulatory Network Controlling Differ-

entiation

(A) C. elegans hermaphrodite gonadal arms

comprise an MZ at the distal end; stem cells are

maintained by a niche formed by the DTC (green),

which supplies ligands, including LAG-2, that acti-

vate the GLP-1/Notch receptor in germ cells and

thereby maintain the MZ. The DTC forms tight

contact with distal germ cells (arrows) and also

extends long, thin processes (ends marked by

asterisks). Germ cells are displaced from the distal

end to the proximal end as they differentiate and

progress throughmeiosis. The rachis, a central core

in the gonadal arm, provides a connection between

the cytoplasm of individual germ ‘‘cells,’’ which thus

form a syncytium. Distally, cell bridges partially span the rachis (arrowheads). Schematic red needle shows approximate site of proximal rachis injections in

experiments described below.

(B) Core regulatory network used in simulations. Notch signaling promotes expression of FBF, which represses itself andGLD-1. Differentiation (i.e., meiotic entry)

is assumed to occur when GLD-1 reaches a critical threshold.
provide a major source of positional information (Kimble, 1981;

Kimble and White, 1981; Austin and Kimble, 1987). However,

while the control of proliferation and differentiation in the MZ

has been extensively characterized at the genetic and biochem-

ical levels (see Figure 1B for the core regulatory network down-

stream of GLP-1/Notch), a physical feature that could play a key

role in long-range patterning and local cell coordination has

received limited attention: germ ‘‘cells’’ form a syncytium, where

nuclei are enclosed by a partial plasma membrane that has large

openings on a central cytoplasmic core called the ‘‘rachis’’ (Abi-

Rached and Brun, 1975). The rachis is spanned in various places

by small sets of nuclei that form bridges (Hirsh et al., 1976; Hall

et al., 1999; Amini et al., 2014). This physical structure could

allow regulatory products to readily diffuse from one cell to

another, thereby leading to extensive crosstalk between cells.

The role of such syncytial diffusion in controlling pattern forma-

tion and germline stem cell differentiation has been virtually

unstudied.

RESULTS

Semi-permeable Barriers Shape Diffusion Gradients
To verify that long-range diffusion takes place within the germ-

line syncytium, we injected fluorescent molecules of different

composition and size in the proximal region of gonad arms and

assayed distal diffusion (Figure 1A). Fluorescein (with a molecu-

lar weight of �0.3 kDa) diffused quickly, as expected, given its

small size; fluorescein had spread to the distal end by the time

samples were mounted for imaging (Figure 2A). To ask whether

larger molecules could also undergo long-range diffusion, we

injected EGFP (with a molecular weight of �30 kDa) and a

10-kDa fluorescently labeled dextran. Injected molecules also

diffused all the way to the distal end (Figures 2B and 2C; a lag

was noticeable before distal fluorescence was detected). Thus,

long-range diffusion readily takes place in the C. elegans germ-

line syncytium.

To further characterize the diffusion of molecules within the

gonadal arm, we examined spatial concentration profiles of in-

jected EGFP or 10 kDa dextran. We found steps in the fluores-

cence intensity profiles (Figures 2B and 2C); such steps could,
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in principle, be formed by local restrictions to diffusion or by

enhanced degradation or extrusion of injected molecules in the

distal region. To distinguish between these possibilities, we

injected labeled molecules at the distal end of the gonad. We

found a reversed intensity profile, with a distal-to-proximal

decrease in fluorescence intensity that also showed steps (Fig-

ure 2D). Thus, we conclude that the germline syncytium contains

barriers that slow down but do not completely block diffusion.

Local Rachis Constrictions Are Sufficient to Create
Steps
Next, we started querying the physical nature of the diffusion

barriers. Steps in dextran intensity colocalized with cell bridges

spanning the rachis (Figure 2E). To further assay the relationship

between dextran steps and cell bridges, we injected dextran in a

strain expressing the membrane marker NMY-2::GFP; we

observed that steps in dextran intensity colocalized with the

plasma membrane of cells belonging to bridges (Figures 2F–

2I). This indicates that diffusion barriers are associated with

cell bridges spanning the rachis and are formed, at least in

part, by plasma membrane belonging to bridge cells. To ask

how cell bridges could impede diffusion through the rachis, we

performed three-dimensional reconstructions of the rachis and

observed that cell bridges cause a local constriction in the rachis

(Figures 2J–2M); the order of magnitude of local diameter at the

restriction is 1 mm. Other than this constriction, we did not iden-

tify any other structures such as lipid bilayers that could impede

diffusion.

To test whether rachis constrictions could be sufficient to

create effective diffusion barriers, we measured diffusion coeffi-

cients and turned to mathematical modeling. We measured the

diffusion coefficient of injected 10 kDa dextran using single-point

fluorescence correlation spectroscopy (Ries and Schwille,

2012). A fit to Fick’s second law yielded a diffusion coefficient

of �20 mm2 , s�1. We built a mathematical model based on a

simple two-dimensional geometry for the rachis inspired from

experimental observations, and assayed time evolution of the

dextran concentration after simulated injection in the proximal

region (see Data S1; the model did not incorporate an advection

termbecause the rate of cell movement along the distal-proximal
evier Inc.



axis of �1 row per hour, Crittenden et al., 2006, translates to at

most �5 mm/hr and is thus negligible compared to the diffusion

rate). Steps in simulated dextran intensities of magnitude

commensurate with experimental data persisted for �1 hr (Fig-

ures 2N and 2O), before diffusion equalized the concentra-

tions over the distal-proximal axis. This suggests that the rachis

constrictions are sufficient to create diffusion barriers, despite

their diameter being much larger than that of individual protein

molecules.

Diffusion Barriers Colocalize with Key Positions of Cell
State Change
To begin addressing the functional role of diffusion barriers, we

examined the relationship between positions of the barriers

and the positions at which differentiation steps occur. Steps in

the expression of the differentiation marker GLD-1 (Francis

et al., 1995a, 1995b) are detectable along the distal-proximal

axis as previously reported (Cinquin et al., 2010), using a

GLD-1::GFP reporter (Schumacher et al., 2005). In all the cases

we examined, these steps colocalized with distal diffusion bar-

riers revealed by dextran injection (n = 41 injected gld-1::gfp

worms with otherwise wild-type background, Figure 2P; n = 71

injected gld-1::gfp worms with non-wild-type backgrounds).

Consistent with our analysis of dextran-injected worms, GLD-1

steps are only found at positions where a cell bridge spans the

rachis (n > 200; Figure 2P). We further observed that the posi-

tions of GLD-1 steps are within the MZ cluster at rows 7–8 and

11–12 (Figure 3A; rows are counted in cell diameters from

the distal end). Rows 7–8 are the approximate position of the

boundary between distal and proximal pools of germ cells that

were found to be dissimilar in their differentiation properties

(Cinquin et al., 2010). Rows 11–12 could correspond to the posi-

tion beyond which a number of cells have entered premeiotic

S phase (Fox et al., 2011). In addition, there is a barrier at

the MZ/TZ transition (Figure 3B; this more proximal barrier is

not associated with a GLD-1 step). We conclude that diffusion

barriers occur at positions where germ cells are transitioning

through differentiation states.

Long-Range Diffusion Controls Behavior of Both Distal
and Proximal MZ Cells
Next, we askedwhether the role of diffusion barriersmight not be

limited to defining interfaces between MZ compartments but

could also include control of MZ size as a whole. We found a sig-

nificant correlation between position of GLD-1 steps and size of

theMZ (Figure 3C; step 1: R2 = 0.4, p < 0.001; step 2: R2 = 0.5, p <

0.002). This correlation shows that the size of the MZ could be

controlled by diffusion barrier position, that diffusion barrier po-

sition could be controlled by MZ size, or that both could be

downstream of a third control. To begin distinguishing between

these possibilities, we created artificial barriers by the injection

of oil droplets within the syncytium (Nadarajan et al., 2009). We

validated the effect of droplet injection by targeting the pachy-

tene region, which contains no detectable endogenous bar-

riers—this minimizes the risk of confusion between the effects

of endogenous barriers and of oil droplets. Oil droplets signifi-

cantly slowed down, but did not completely block, diffusion of

injected dextran (Figure 3D), similar to endogenous barriers.

MZ size was reduced 18 hr after distal oil droplet injection,
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compared to control water injection (n = 10 for each, p <

2.3E-5; Figures 3E and 3F). Although it remains possible that

the presence of oil creates a local stress that contributes to

MZ size change, and although some nuclei close to the droplet

take a condensed appearance of unclear significance (Fig-

ure S1), water-injected controls show that the injection process

itself does not create a local or global response responsible for

MZ size change. Furthermore, oil-injected gonads maintain a

number of M-phase cells similar to that of controls (Figure S1),

suggesting continued cell cycling at a normal rate. It is also

possible that the presence of oil droplets impedes normal cell

movement, but droplets do not fully obstruct the gonadal arm

(Figures 3 and S1), they are possibly displaced along the

distal-proximal axis as in the proximal gonad (Wolke et al.,

2007), and their presence does not lead to accumulation of distal

cells despite maintenance of mitotic cells (Figure S1); since, in

addition, there is strong correlation between droplet position

and MZ end, we conclude that impeded cell movement is un-

likely to have a major contribution to our results. The strength

of the correlation between MZ size and artificial barrier position

was similar to that betweenMZ size and first endogenous barrier

position (R2 = 0.5, p < 0.01; and R2 = 0.4, p < 0.03, respectively;

Figure 3G). Thus, we conclude that the endogenous diffusion

barriers likely play a role in MZ size control.

To further assay the role of diffusion barriers in control of

MZ size, we next asked whether diffusion barriers have a role

in regulating the differentiation of the distal and/or proximal MZ

pools that we identified earlier (Cinquin et al., 2010). We previ-

ously reported that distal MZ cells do not differentiate when

emb-30(tn377ts) mutants are shifted to the restrictive tempera-

ture, causing loss of anaphase-promoting complex activity and

M-phase accumulation. Proximal MZ cells do differentiate, and

a sharp GLD-1 border forms between the two regions. We

injected a fluorescently labeled dextran in gld-1::gfp; emb-30

mutants shifted to the restrictive temperature for 9–12 hr (Fig-

ure 4B). At the border between differentiated and undifferenti-

ated cells, we found a diffusion barrier that is less permeable

than in controls (Figure 4A): no dextran diffusion into the distal

region was detected (Figure 4B; n = 15/15). This enhanced diffu-

sion barrier colocalized with a layer of F-actin that separated

distal and proximal regions (Figure 4C). Upon upshift of emb-

30, the distal MZ is thus sealed off from the rest of the gonad

by a diffusion barrier unlike those seen in wild-type worms.

The presence of a particularly tight diffusion barrier in up-

shifted emb-30 raises the possibility that the contrasting differ-

entiation responses of distal and proximal MZ pools are due to

changes in regulator diffusion rather than to intrinsic characteris-

tics of distal and proximal cells. To further explore this idea, we

turned to C. elegans males. The male MZ does not contain cell

bridges (Morgan et al., 2010) and has an open rachis that ex-

tends to the distal end (Figures 4D and 4F). We could not identify

diffusion barriers by dextran injection into upshifted gld-1::gfp

(n = 6; Figure 4D) or unshifted gld-1::gfp; emb-30 males (n = 5).

By contrast, a diffusion barrier appeared in upshifted gld-1::gfp;

emb-30males (n = 6; Figure 4E) as the rachis distal to the MZ/TZ

boundary closed and proximal MZ cells differentiated (Fig-

ures 4E and 4G). Therefore, the emb-30 upshift appears to

tighten existing diffusion barriers (in hermaphrodites) or to create

them de novo (in males). In both cases, the boundary between
ntal Cell 35, 405–417, November 23, 2015 ª2015 Elsevier Inc. 407



Figure 2. Long-Range Diffusion in the Germline Is Impeded by Semi-permeable Barriers

(A–D) Distribution along the distal-proximal axis of proximally injected fluorescein (A), EGFP (B), and 10 kDa dextran (C); steps in intensity (cyan arrowheads)

reveal diffusion barriers. Diffusion barriers are also apparent following distal injection of dextran (D). Fluorescence intensity is color coded using a ‘‘fire’’ lookup

table (range is displayed at the right of fluorescein injection), and injection sites are marked by red arrowheads.

(E) Injected dextran steps colocalize with cell bridges (Hoechst-stained nuclei overlaid in cyan; four steps are shown that occurred in the same gonadal arm).

(F–I) Steps in injected dextran colocalize with cell bridges. Dextran fluorescence signal (F) was processed by an edge-enhancing image filter (G) and compared

with the membrane marker NMY-2::GFP (H); overlay is shown in (I). Cyan and yellow bars shown step positions.

(J and K) Transverse MZ sections (J) show lower GLD-1 levels (green) just distal to a cell bridge (position a) compared to just proximal (position c; K). The rachis

(dashed red line in transverse sections) is constricted at the position the cell bridge occurs (position b). Cell membranes are highlighted by phalloidin staining

(yellow).

(L and M) Three-dimensional opacity rendering of rachis (L) overlaid with DNA and GLD-1 (blue and green, respectively); (M) similarly shows GLD-1 steps (cyan

arrowheads) colocalizing with rachis constrictions.

(legend continued on next page)
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Figure 3. Sites of Diffusion Barriers Are Clustered and Correlate with MZ Length
(A) Two GLD-1 steps are commonly found that cluster at positions �24–28 mm (rows 7–8) and �38 mm (rows 11–12).

(B) Diffusion barrier observed at theMZ/TZ boundary (white arrow; n = 10). Top panel uses enhanced contrast (‘‘Fire’’ look-up table) to showweak proximal signal

of 10 kDa dextran injected distally (red arrowhead); bottom panel shows overlay with DNA (cyan).

(C) Correlation between positions of GLD-1 steps and MZ length. Step 1 is the most distal step.

(D–G) Artificial barriers correlate with and control MZ length. Oil droplet injection in the pachytene region creates a diffusion barrier revealed by subsequent

injection of 10 kDa dextran (D); the distal end, not in sight because the droplet is in the proximal pachytene region, is to the left). Distal oil droplets reduce MZ

length compared to water-injected controls (E and F), p < 1.8E-05 (indicated by four asterisks); artificial and endogenous diffusion barrier positions correlate with

MZ length with similar R2 values (G). DIC, differential interference contrast.

Scale bars, 5 mm.
differentiating and non-differentiating cells precisely colocalizes

with the diffusion barrier. We do not know the mechanisms,

either direct or indirect, that result in barrier tightening upon

emb-30 removal. In any case, our data suggest that the effect

of emb-30 loss of function on cell differentiation might not be

mediated directly by cell-cycle disruption but perhaps through

modulation or creation of diffusion barriers that, in turn, sharpen

or create differences between distal and proximal cells.

Overall, our data strongly support the idea that diffusion bar-

riers play an important role in controlling the differentiation

behavior of proximal MZ cells. To ask whether this is also true

of distal cells, we assayed whether the differentiation behavior

of distal cells is affected by artificial barriers. We injected oil

within the MZ and assayed whether the artificial barrier created
(N and O) Simple two-dimensional diffusion model accounts for creation of injecte

with a coefficient of 20 mm2 , s-1 over a period of 30 min was simulated either w

centration is coded using a ‘‘Fire’’ lookup table as in (A) above. Simulations wer

simulation is displayed with or without cells present around the rachis.

(P) Steps in intensity of proximally injected 10 kDa dextran (top; cyan arrowheads

overlay (bottom).

Scale bars, 5 mm.
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altered the response of distal cells to the removal of Notch

signaling. We previously reported that upshift of the tempera-

ture-sensitive Notch mutant glp-1(q224) to 25�C causes differ-

entiation of the distal MZ within 6 hr (Cinquin et al., 2010). To

increase the time resolution of our experiments, we repeated

this experiment by upshifting to only 20�C; differentiation took

10 hr to complete (Figure 4H). We found that differentiation

was preceded by a loss of both GLD-1 steps and diffusion bar-

riers (Figures 4I–4L). Crucially, if this loss of diffusion barriers

was compensated by the presence of an artificial diffusion bar-

rier in the MZ of one gonadal arm, differentiation of distal cells

was blocked in that arm (Figure 4M), whereas in the control

arm of the same worm, as well as in water-injected controls,

MZs differentiated (Figures 4N and 4O). Since droplet injection
d dextran steps by rachis constrictions. Diffusion of proximally injected dextran

ith (N) or without (O) local constrictions in the rachis. Simulated dextran con-

e performed by collapsing cells into an infinitely thin layer. The result of each

) co-localize with steps in endogenous GLD-1::GFP (middle) as shown in color

ntal Cell 35, 405–417, November 23, 2015 ª2015 Elsevier Inc. 409



Figure 4. Relationship between Diffusion Barriers and Cell Differentiation

Upshift of emb-30(ts) mutant results in a 10-kDa dextran-impermeable barrier between undifferentiated and differentiated cells.

(A–C) The distal-most region in upshifted gld-1::gfp controls accumulates low levels of proximally injected dextran (A), indicated by an asterisk), whereas in

upshifted gld-1::gfp; emb-30, no dextran is detected distally (B); contrast is enhanced to show the absence of detectable distal signal). The rachis is closed off by

cell membranes at the MZ/TZ, indicated by an arrow in (C), in upshifted gld-1::gfp; emb-30. GLD-1::GFP is indicated by green; membrane is indicated by

magenta; M-phase cells are indicated by yellow; DNA is indicated by cyan.

(D and E) Distal diffusion of injected dextran occurs freely in upshifted gld-1::gfp control males (D); however a de novo diffusion barrier (cyan dotted line) is formed

in upshifted gld-1::gfp; emb-30 males (E).

(legend continued on next page)
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reduces MZ size (Figures 3E–3F), droplets appear to selectively

block differentiation of cells that are located distal to them. Thus,

proximal-to-distal diffusion of differentiation-promoting factors

appears necessary for distal cells to differentiate in response

to loss of Notch signaling. Conversely, shortening of the MZ

in response to oil droplet injection suggests that differentiation

of proximal MZ cells is controlled by diffusion of distal factors.

Overall, our data thus underscore that both distal and proximal

MZ cells behave non-autonomously and that the distal and prox-

imal zones influence each other through syncytial diffusion.

Weak Correlation between MZ Size and Proximal Reach
of DTC Processes
The best characterized source of positional information within

the MZ is provided by the stem cell niche formed by the DTC,

whose nucleus and main cytoplasmic mass are located at the

MZ distal end, and by Notch signaling that the DTC induces in

stem cells: both are critical for stem cell self-renewal (Austin

and Kimble, 1987), sufficient for establishment of a mitotic state,

and both polarize the MZ (Kimble andWhite, 1981). Thus, syncy-

tial diffusion of differentiation-controlling Notch targets induced

in distal-most germ cells by the DTC provides a plausible mech-

anism by which MZ size could be controlled. However, although

the bulk of the contact between DTC and germ cells occurs

distally (Crittenden et al., 2006; Byrd et al., 2014) in a ‘‘plexus’’

region whose relationship with MZ size is not fully resolved

(Byrd et al., 2014), the DTC also possesses filopodia called ‘‘pro-

cesses’’ that can extend from the distal end all the way to the

proximal end of the MZ (Fitzgerald and Greenwald, 1995; Fig-

ure 1A). These processes carry at least one kind of Notch ligand

(Crittenden et al., 2006), and a possibility is, therefore, that the

end of the MZ could be simply defined by the end of the longest

distal process, with aminimal role for diffusion inMZ size control.

The idea that the proximal extent of DTC processes controls

MZ size appears to be contradicted by the fact that the longest

DTC processes get longer as worms age while the MZ gets

shorter (Crittenden et al., 2006). However, it could still be that

proximal-most processes do play a major role in extending MZ

size but that an offset develops with age between MZ boundary

and process end (e.g., if MZ length is also controlled by an inde-

pendent factor that changes with age). To ask more directly

whether we could detect a major contribution of proximal pro-

cesses in MZ size control, we tested whether the longest DTC

process length correlates with MZ size. We found that such

a correlation does exist (R2 = 0.26 at day 1 of adulthood, p <

3.1E-3; Figure S2A) but that it is substantially weaker than the

correlation between distal diffusion barrier position and MZ

size (R2 = 0.4–0.5 at day 1 of adulthood; Figure 3C). Furthermore,

the correlation between DTC process length and MZ size disap-
(F and G) The rachis remains unobstructed in upshifted controls (F) but becomes s

Membrane is indicated by magenta; M-phase cells are indicated by yellow, DNA

(H–O) In (H) and (O), barriers can protect the MZ from pro-differentiation factors. F

0 (H), which is preceded by the disappearance of steps in GLD-1 (I). Diffusion b

upshift: at 0 hr, two barriers are present (J, cyan arrowheads); by 6.5 hr, only one

Artificial barriers formed by injection of an oil droplet block germ cell differentia

specimens whose other arm was injected with oil (N) or gonadal arms injected w

distal-most cells (arrowheads). MZ length after oil injection and 18 hr upshift is �
uninjected arms, n = 10 for water-injected arms, p < 3E-3 and p < 5E-4, respect

Scale bars, 5 mm.
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pears by day 2 of adulthood (R2 = 0.01, p > 0.68; Figures S2B and

S2C), while the correlation between barrier position and MZ

size is maintained (R2 = 0.7–0.8, p < 1.5E-2, at day 2; and R2 =

0.4–0.5, p < 0.02, at day 3; Figures S2D–S2G). Therefore, DTC

processes may play a role in defining the spatial pattern of Notch

activation, but the proximal extent of the processes appears to

play a minimal role in controlling MZ size.

Notch Expression Is High and Noisy in the Distal MZ
As a next step in asking how diffusion barriers contribute to

patterning of the C. elegans gonad, we quantified the spatial

expression profile of Notch—the receptor whose activation

provides the positional information assumed to underlie that

patterning. Despite the central role of Notch in MZ specification

and maintenance, the pattern of GLP-1/Notch expression within

the MZ had not been characterized. We used a strain expressing

a GLP-1/Notch::GFP protein fusion under control of the endog-

enous glp-1/Notch promoter (Sarov et al., 2012). The receptor

localizes largely to the plasma membrane (Figure 5A), consistent

with previous reports (Crittenden et al., 1994). Quantification

showed that membrane expression is high in the distal-most

�11 rows and decays within the proximal MZ (Figures 5B and

5C); positions of diffusion barrier clusters (Figure 3A) appear to

correspond to inflexion points in the average GLP-1/Notch::GFP

profile. Sustained expression of the receptor at high levels up to

the average position of the second diffusion barrier, as well as

intimate contact between the DTC and germ cells over the first

�8–9 rows (Byrd et al., 2014), strongly suggest that Notch acti-

vation extends over a substantial portion of the MZ.

Next, we asked how much variability is found in Notch mem-

braneexpressionwithinandacrossgonadal arms.Onaqualitative

level, overall distal-proximal profiles of Notch expression dis-

played high intra- and inter-gonad variability (Figures 5B and

5C). To put these observations on a quantitative footing, we relied

on the coefficient of variation (CV), which is defined as the ratio of

SDtomeanand thusprovidesaunit-freemeasureofnoise.TheCV

for membrane Notch was high in the distal MZ, ranging from 0.19

over the first�2 rows to 0.13 for rows�7–9. This variability comes

in addition tohighdynamicity and high inter-individual variability of

DTC morphology (Wong et al., 2013) and likely results in strong

variability of Notch activation. This is in contrast to low variability

in MZ size (CV = 0.10, computed from n = 30 gonads). Therefore,

mechanisms are likely at play that minimize the sensitivity of MZ

length to spatial fluctuations in Notch signaling intensity.

Modeling Suggests MZ Size Control by Diffusion
Barriers
To investigate the expected interplay downstream of Notch

signaling between diffusion barriers andMZ size control, we built
ealed distally at theMZ/TZ boundary in upshifted gld-1::gfp; emb-30males (G).

is indicated by cyan.

ollowing glp-1 upshift, distal cell differentiation occurs and MZ length reaches

arriers revealed by dextran injection similarly disappear in response to glp-1

weak barrier is visible (K); and by 10 hr, no diffusion barriers are observed (L).

tion up to 18 hr after glp-1 upshift (M); uninjected gonadal arms belonging to

ith water (O) differentiate normally, as shown by crescent-like morphology of

27 mm (n = 9), significantly higher than control MZ length, which is 0 (n = 6 for

ively).
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Figure 5. Notch Is Expressed at a High Level

in the Distal Half of the MZ and Shows a

Noisy Spatial Distribution

(A) Notch (yellow) is predominantly localized to

plasma membrane that tightly encloses nuclei and

is expressed in a gradient in the proximal MZ. Left

panel shows Notch staining, while right panel

shows an overlay of Notch, DNA (cyan), and active

contour segmentations used for quantification

shown in other panels (white). Scale bars, 5 mm.

(B) Overlay of membrane GLP-1::GFP profiles

quantified from 12 different gonads.

(C) Membrane GLP-1::GFP profile (blue line)

computed as a moving average of cells pooled

from the same 12 gonads as shown in (B). Each dot

represents one cell. Dotted lines show positions of

the diffusion barrier clusters identified in Figure 3A.
models considering the synthesis and degradation of key regu-

latory molecules (Figure 1B), as well as diffusion within a spatial

domain accounting for the rachis. In these models, Notch

signaling drives transcription of an ‘‘FBF’’ species, which en-

compasses both FBF-1 and FBF-2 (the FBF genes are collec-

tively necessary for adult germ cell proliferation; fbf-2 has been

suggested to be a direct Notch target; Lamont et al., 2004).

FBF represses both its own expression and the expression of

GLD-1 (Crittenden et al., 2002), which promotes differentiation

(Francis et al., 1995b). As a parsimonious assumption, themodel

defined the position of the border between the MZ and cells in

meiosis by a threshold level of 1.0 GLD-1 a.u.; a more intricate

mechanism involving a combination of FBF and GLD-1 levels

is certainly theoretically possible but lacks experimental support.

Although, in ad hocmutant backgrounds, proliferation can occur

in the absence of FBF (Crittenden et al., 2002) and transient

meiotic entry occurs in the absence of GLD-1 (Francis et al.,

1995a), FBF and GLD-1 were the most natural choices for our

model because of their central roles highlighted in multiple

studies and because of their thorough experimental character-

ization (Kimble and Crittenden, 2007). Other differentiation fac-

tors and other Notch targets (e.g., Schmid et al., 2009; Kershner

et al., 2014) could certainly be incorporated in more sophisti-

cated models, but that would lead to the models being more

poorly constrained, which would make it more difficult to derive

general principles. The full mathematical definition of our model

and a parameter robustness study are provided as Data S1.

An important question in defining the models is what mecha-

nisms control position of the diffusion barriers within the MZ.

First, we considered a model following which of the diffusion

barriers were fixed at constant positions independent of Notch

signaling or FBF or GLD-1 levels. While these models correctly
412 Developmental Cell 35, 405–417, November 23, 2015 ª2015 Elsevier Inc.
reproduced the GLD-1 and FBF expres-

sion patterns on the distal-proximal axis,

they displayed a negative correlation be-

tween MZ size and the distances from

the distal end at which diffusion barriers

were placed (Figures 6A and 6B). This

negative correlation, which holds under

a variety of conditions, is in contradiction

to the positive correlation we observed

experimentally.
Thus, we next considered amodel in which the positions of the

diffusion barriers were themselves regulated by Notch signaling.

The processes by which the barriers form and how they might

move along the distal-proximal axis as a result of cell prolifera-

tion are unknown. Given these unknowns, the model we used

simply had dynamical updates of barrier positions in the course

of the simulation, so that these positions tracked a given GLD-1

level. Thus, there was feedback between barrier position and

GLD-1 levels: barriers shaped the profile of GLD-1 by controlling

its diffusion, while GLD-1 set the positions of the barriers. We

found that this model correctly reproduced the spatial profile

of GLD-1 expression similarly to the earlier model but that, in

addition, it could place the diffusion barriers at the correct posi-

tions and could readily reproduce the positive correlation be-

tween barrier position and MZ size observed in experimental

data (Figure 6C; Data S1). While we cannot exclude that barrier

positions are, in fact, controlled independently of Notch signaling

by an unknown upstream regulator that also influences MZ size,

themodel we propose provides a fitting and parsimonious expla-

nation of the data.

As a test of our model, we asked whether it could account for

differences between male and hermaphrodite MZs. We char-

acterized male and hermaphrodite MZ size robustness against

global perturbation in Notch signaling, using the Notch q224

temperature-sensitive mutant at a range of semi-permissive

and non-permissive temperatures. We found that MZ size is

less robustlymaintained inmales than in hermaphrodites as tem-

perature increases (Figure 6D). One key difference betweenmale

and hermaphrodite MZs is the lack of diffusion barriers in the

former (Figure 4D). Numerical simulations of our model show

that the removal of diffusion barriers lowers robustness against

changes in total intensity of Notch signaling (Figure 6E). This
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Figure 6. Mobile Diffusion Barriers Corre-

late Positively with MZ Length and Provide

Robustness against Fluctuations in the

Spatial Distribution of Notch Signaling

(A–C) Following a model by which MZ size is set by

a threshold level of 1.0 GLD-1 a.u. and by which

two fixed diffusion barriers slow down GLD-1 and

FBF diffusion (see Results), barrier distance to the

distal end correlates negatively with MZ size as

total Notch signaling intensity is scaled (A, corre-

lation with distal-most barrier in a two-barrier

system; B, correlation with proximal-most barrier;

simulation parameters are given in Table 2 of Data

S1). By contrast, correlation between position of

mobile barriers and MZ size is positive (C); plotted

with FBF self-repression coefficient bF = 1 to allow

for realistic barrier positioning.

(D) MZ length of the glp-1(q224) Notch mutant,

measured at L4 + 1 day in males and hermaphro-

dites grown at the indicated temperature from

larval stage 1 (L1) (0 indicates absence of MZ).

(E) MZ length determined from computational

simulations of model with mobile barriers, as a

function of Notch scaling factor (1 = full Notch

activity; 0 = no Notch).

(F and G) Two spatial Notch activity profiles that

sum to the same value but differ in shapes (F, red

and blue curves) lead to substantially different

GLD-1 profiles and MZ sizes if no barriers are

present (G). Bracket shows the difference in MZ

size between the two simulations (MZ/TZ bound-

ary shown by crescent-shaped nuclei).

(H and I) One fixed diffusion barrier can largely

prevent the change in GLD-1 profiles and in MZ

size (F), while two fixed barriers can paradoxically

increase the change in MZ size (G).

(J and K) Mobile barriers, whose positions are

dynamically updated to follow threshold GLD-1

values, provide robustness of MZ size against

spatial fluctuations in Notch whether a gonadal

arm has a single barrier (J) or two (K).

(L and M) Stronger FBF self-negative feedback

increases robustness of MZ size to the spatial

distribution of Notch (L) but moderately decreases

robustness to changes in total Notch (M).
supports the relevance of diffusion barriers to MZ size control

and the ability of our model to account for this control.

Diffusion Barriers and a Negative Feedback Loop
Provide Robustness against Spatial Fluctuations in
Notch Signaling
Next, we hypothesized that diffusion barriers could also make

MZ size robust against variations in the spatial distribution of
Developmental Cell 35, 405–417, N
Notch signaling. To test this idea, we

performed numerical simulations of the

changes in GLD-1 profiles when the distal

profile of GLP-1/Notch activation was

perturbed in a way that the total signaling

intensity was preserved. We found that,

while MZ size is sensitive to the sum

of Notch activity, both fixed and mobile

diffusion barriers make MZ size robust
against perturbations that conserve total Notch activity (Figures

6F–6K). Thus, diffusion barriers appear to have a role of prime

importance in making MZ size robust against the spatial noise

in Notch signaling that we observed.

Finally, we asked whether an intriguing motif within the regula-

tory networkmight play a role in providing patterning robustness.

Specifically, FBF self-inhibition is well documented (Lamont

et al., 2004), but a role for this self-inhibition has yet to be
ovember 23, 2015 ª2015 Elsevier Inc. 413



investigated. We thus performed simulations based on the same

model detailed earlier but in which we increased the strength of

FBF negative feedback. On one hand, we found that robust-

ness of MZ size to changes in the spatial distribution of Notch

signaling was substantially increased (Figure 6J), as long as total

signaling intensity was preserved. On the other hand, robustness

of MZ size to total Notch signaling intensity was decreased (Fig-

ures 6L and 6M). A combination of strong FBF negative feedback

and diffusion barriers thus makes it possible for MZ size to be

sensitive to total Notch signaling intensity—which is potentially

a highly relevant control parameter, given that MZ size responds

to changes in nutrient availability, at least in part through the

stem cell niche (Dalfó et al., 2012)—but not to the particulars of

the spatial distribution of Notch signaling, which is highly vari-

able. Overall, considering MZ size control as a performance

objective thus makes it possible to assign functions to motifs

in the germline regulatory network that might otherwise remain

obscure.

DISCUSSION

Although a number of mutations have been identified that affect

MZ size (e.g., Eckmann et al., 2004; Lamont et al., 2004), the

overall mechanisms that control that size are still poorly under-

stood. The proximal end of the DTC does not define the MZ/TZ

boundary (Crittenden et al., 2006), nor does it correlate with

the position of that boundary, other than at a particular stage

of development. We propose that it is the local state of the reg-

ulatory network that determines the location at which cells differ-

entiate. At any given spatial location, this state depends not only

on local Notch activation as a result of contact with the DTC but

also on diffusion of Notch targets through the syncytium (and

also possibly on diffusion of the Notch intra-cellular domain

itself, although that diffusion may be more limited because of

sequestration by the nucleus or by other cellular structures).

Diffusion barriers appear to play an important, long-range role

in determining regulatory network state. These barriers are

placed at positions that correspond to important changes in

cell behavior; for example, the G2 index increases around row

12 (Chiang et al., 2015), where one barrier is often found, and

crescents form around row 20, where another barrier is system-

atically found. Labeled dextran and oil droplet injections show

that the presence of the barriers affects cells that are located

away from the barriers, a result further supported by simulations

showing that MZ size is impacted by barriers found approxi-

mately midway in the MZ. Overall, we propose that the spatial

pattern of Notch activation, which likely depends on the extent

of the DTC processes, and syncytial diffusion of Notch targets,

which is shaped by the diffusion barriers, interact to control

MZ size.

It appears that Notch activation at the very distal tip of the

MZ, combined with fast distal-proximal diffusion of Notch target

protein products, could be sufficient to provide positional infor-

mation specifying the proximal end of the MZ. However, the

presence of Notch-ligand-carrying DTC processes (Fitzgerald

and Greenwald, 1995; Crittenden et al., 2006; McGovern et al.,

2009) and expression of Notch receptor across the whole

MZ—as well as expression of fbf-2 (Lamont et al., 2004),

sygl-1, and lst-1 (Kershner et al., 2014) further than the distal
414 Developmental Cell 35, 405–417, November 23, 2015 ª2015 Els
tip—strongly suggest that Notch activation extends over a sub-

stantial portion of the the MZ distal-proximal axis. What might be

the advantage of this extended activation? Given the wide array

of Notch targets (e.g., Krejcı́ et al., 2009), one can speculate that

Notch controls not only MZ size but also other characteristics

such as cell cycling speed, which varies across the distal-prox-

imal axis of the MZ (Chiang et al., 2015). Furthermore, dose-

dependent specification of cell fate by Notch has been shown

in a number of tissues (Guentchev and McKay, 2006; Ohlstein

and Spradling, 2007; Mazzone et al., 2010; Guruharsha et al.,

2012). Therefore, the overall pattern within the MZ of activity of

Notch and its targets may be just as important as the location

at which this activity drops below the threshold defining the

MZ/TZ boundary. The DTC extending on the distal-proximal

axis makes it possible to create patterns of Notch activity across

the distal-proximal axis that may not be achieved by simple diffu-

sion from a punctual source located at the distal end, even if that

diffusion is shaped by barriers.

A mechanism whereby Notch activation is distributed along

the distal-proximal axis instead of being localized to the very

distal end introduces a weakness: MZ size is made sensitive to

noise in the spatial extent of Notch activation. This noise is ex-

pected to be substantial, given that there is strong variability in

membraneNotch expression and given that the DTC is highly dy-

namic and variable across individuals (Wong et al., 2013) and

does not make contact with all cells. If left unbuffered, the noise

in Notch activation might impede progress through differentia-

tion in an orderly fashion. Although diffusion barriers may play

an important role in their own right in shaping the Notch activity

profile, an additional role may be to provide patterning robust-

ness. We showed that barriers can virtually remove the effect

of spatial noise in Notch activation on MZ size while still allowing

total Notch signaling intensity to control MZ size. In a sense, bar-

riers may thus enable multiplexing of information provided

through Notch signaling: they may allow Notch to differentially

control cells within the MZ following a particular profile, while al-

lowing MZ size to be controlled by total Notch intensity indepen-

dently of the particular profile within the MZ. Interestingly, unlike

hermaphrodites, males do not have large DTC processes and

also do not have diffusion barriers. Although it is not clear why

hermaphrodite MZs would need to be patterned differently

from male MZs, the correlation between the existence of DTC

processes and the existence of diffusion barriers is compatible

with the idea that barriers provide robustness against noise in

the spatial positioning of the DTC.

We note that the regulatory network model on which we relied

is certainly simplistic, as is the assumption that the MZ/TZ

boundary is defined by a threshold GLD-1 level. Nonetheless,

thismodel has allowed us to identify a potential role for a network

motif whose purpose had remained obscure until now. Specif-

ically, we showed that FBF self-repression is important for the

robustness of MZ size against noise in the profile of Notch acti-

vation and that it also plays a role in controlling the sensitivity of

MZ size to total Notch activation. It will be interesting to expand

the regulatory network models to further study the interaction

between the features of those models and the diffusion in

patterning of the MZ and to explore specific mechanisms by

which the network may regulate position of the MZ/TZ and of

the diffusion barriers.
evier Inc.



How does the C. elegans germline compare with other syncy-

tial tissues? A number of tissues other than gonads form syncytia

(Gladfelter et al., 2006; Shi et al., 2009). At least one of these syn-

cytia, the vertebrate lens, also possesses diffusion barriers: it is

‘‘stratified’’ in concentric layers, with little diffusion from one layer

to the other (Shestopalov and Bassnett, 2003; Shi et al., 2009).

Although the functional significance of that stratification awaits

further study, its presence shows that regulated diffusion is a

feature shared by syncytia other than the C. elegans germline.

The syncytium in which the role of diffusion has been most

thoroughly studied, the early Drosophila embryo, has not

been reported to possess large-scale diffusion barriers. There

are, nonetheless, three known ways in which this system de-

parts from free diffusion. First, nucleocytoplasmic shuttling of

patterning factors reduces their effective diffusion coefficient

during interphase (Gregor et al., 2007; Sample and Shvartsman,

2010). Second, membrane furrows that periodically extend into

the syncytium play a complementary role in reducing the effec-

tive diffusion coefficient during mitosis (Daniels et al., 2012).

Third, the secretory system and plasma membrane are ‘‘func-

tionally compartmentalized’’ around nuclei even before cellulari-

zation occurs (Frescas et al., 2006; this compartmentalization is

different from the one we report, notably in that it does not

impede diffusion of injected dextrans; Mavrakis et al., 2009).

Each of these three mechanisms lowers the effective speed

of long-range diffusion by the presence of local structures

(including nuclei and furrows) repeated a number of times

throughout the tissue. This is in contrast to the diffusion barriers

we report, which are present in, at most, three locations through

MZs.

It has been suggested that spatial averaging resulting from

free diffusion in the Drosophila embryo syncytium contributes

to the robust readout of a morphogen gradient (Gregor et al.,

2007), but simple spatial averaging comes with a significant

drawback in that it blurs the spatial pattern at the same time as

it suppresses noise. A crucial feature of large-scale diffusion bar-

riers reported here is that they provide a simple way to maintain

relatively large domains that have sharp differences in concen-

trations of morphogens and their readouts yet can still commu-

nicate by controlled diffusion from one domain into the other.

Large, distinct domains composed of a number of cells might

bemore relevant to later stages of development than to the initial

stages of growth.

Importantly, the principle of inter-cellular diffusion of regulato-

ry molecules also extends to cells that do not form syncytia. An

increasing number of regulators that were thought to act solely

intracellularly are now known to translocate across membranes

and to have cell-non-autonomous effects. This is the case of

homeodomain proteins that play a critical role in patterning

the developing nervous system (Brunet et al., 2007) and also,

intriguingly, of the tumor suppressor PTEN (Hopkins et al.,

2013). There may be many more such translocating proteins to

be discovered, and spatial averaging of the concentrations of

many regulators could, therefore, take place independently of

the limited set of specialized inter-cellular signaling pathways.

We speculate that yet-to-be-characterized diffusion barriers

might play a crucial role in defining the domains over which

such averaging occurs and in minimizing molecular noise within

these domains.
Developme
EXPERIMENTAL PROCEDURES

Worm Strains and Maintenance

Strains used were Bristol N2, BS1080: gld-1::gfp(ozIs5) (Hansen et al., 2004),

JJ1473: nmy-2::gfp(zuIs45) (Nance et al., 2003), DG627: emb-30(tn377ts)

(Furuta et al., 2000), JK1107: glp-1(q224ts) (Austin and Kimble, 1987), and

EV343_OP237: unc-119(ed3); [WRM0614A_B09::unc-119-Nat([17514] glp-

1::2xTY1wEGFP 3xflag)] (Sarov et al., 2012).

Strains were maintained as described previously (Brenner, 1974) using

E. coli HB101 as a food source, at 20�C or at the permissive temperature

of 15�C for glp-1(ts) and emb-30(ts). Worms were staged by picking fourth-

larval-stage worms (L4s) based on vulvamorphology and were used 24 hr later

unless otherwise specified.

Antibody Staining and Imaging

Antibody and DNA staining were performed on extruded gonadal arms as

described previously (Crittenden and Kimble, 1999), with a 10-min, room-tem-

perature, 4% paraformaldehyde (PFA) fixation step followed by a 15-min 0.1%

Triton X-100 permeabilization step, a 30-min 0.5% BSA blocking step, and

overnight incubation at 4�C with primary antibodies. Gonads were stained

with 1:50 (GLP-1::GFP) or 1:1,000 (GLD-1::GFP) anti-GFP (ab5450, Abcam)

and 1:200 anti-GLD-1 and anti-phosphohistone H3 (2851S, Cell Signaling).

Secondary antibodies Alexa Fluor 488 and 649 were used at 1:200 (A21467,

A10524, Invitrogen), phalloidin was used at 0.17 mM (Invitrogen, A12379 or

A22283), and DAPI was used at 1 mg/ml. For GLD-1 staining, 0.1% Triton

X-100 was added to antibody solutions. Confocal stacks were acquired at

�0.3-mm intervals using LSM710 or LSM780 microscopes (Carl Zeiss MicroI-

maging), using a 633 objective or an FV1000 (Olympus) with a 603 objective.

Injections

Worms were mounted in halocarbon oil (H8898, Sigma-Aldrich) on a dried

agarose pad. Fluorescent molecules were injected using BF100-87-10 capil-

laries (Sutter Instruments) pulled with a P87 needle puller (Sutter Instruments)

and a Femtojet injector and Transferman NK2 micromanipulator (Eppendorf).

The site of injection was in the pachytene region, unless otherwise stated, at

a distance from the distal end of about a third to half of the total distance to

the loop region. 10 kDa neutral dextran conjugated to rhodamine B (D1816,

Invitrogen) was injected at 0.1 mM, purified EGFP was injected at 250 mM,

and sodium fluorescein (46940, Sigma-Aldrich) was injected at 5% (w/v).

Following injection, worms were mounted on an agarose pad in a drop of

levamisole (0.25 mM in M9) for imaging. The time between injection and imag-

ing was �3 min.

For experiments requiring injection with both a dextran and a DNA stain,

gonadal arms were first injected with 5 mg/ml Hoechst 33342 (B2261,

Sigma-Aldrich) in the middle of the MZ (estimated by the distance from the

distal end of the gonad), followed by dextran injection.

Oil injections were performed with ES-cell-grade light mineral oil (ES-005-C,

Millipore). Oil and injection capillaries were warmed to 65�C to facilitate needle

filling and cooled to room temperature prior to injection.

Worms from temperature-sensitive strains were kept in an incubator at

the required temperature next to the injection setup. One worm was removed

at a time for injection. Following injection, worms were analyzed or moved to

the desired temperature within 1 min.

Statistics

The Wilcoxon rank-sum test as implemented by the R-project was used for

pairwise comparisons and confidence interval computation.
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Chartier, N.T. (2014). C. elegans Anillin proteins regulate intercellular bridge

stability and germline syncytial organization. J. Cell Biol. 206, 129–143.

Austin, J., and Kimble, J. (1987). glp-1 is required in the germ line for regulation

of the decision between mitosis and meiosis in C. elegans. Cell 51, 589–599.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77,

71–94.

Brunet, I., Di Nardo, A.A., Sonnier, L., Beurdeley, M., and Prochiantz, A. (2007).

The topological role of homeoproteins in the developing central nervous sys-

tem. Trends Neurosci. 30, 260–267.

Byrd, D.T., Knobel, K., Affeldt, K., Crittenden, S.L., and Kimble, J. (2014). A

DTC niche plexus surrounds the germline stem cell pool in Caenorhabditis

elegans. PLoS ONE 9, e88372.

Chiang, M., Cinquin, A., Paz, A., Meeds, E., Price, C.A., Welling, M., and

Cinquin, O. (2015). Control of Caenorhabditis elegans germ-line stem-cell

cycling speed meets requirements of design to minimize mutation accumula-

tion. BMC Biol. 13, 51.

Cinquin, O., Crittenden, S.L., Morgan, D.E., and Kimble, J. (2010). Progression

from a stem cell-like state to early differentiation in the C. elegans germ line.

Proc. Natl. Acad. Sci. USA 107, 2048–2053.

Coppey, M., Berezhkovskii, A.M., Kim, Y., Boettiger, A.N., and Shvartsman,

S.Y. (2007). Modeling the bicoid gradient: diffusion and reversible nuclear trap-

ping of a stable protein. Dev. Biol. 312, 623–630.

Crittenden, S.L., and Kimble, J. (1999). Confocal methods for Caenorhabditis

elegans. Methods Mol. Biol. 122, 141–151.

Crittenden, S.L., Troemel, E.R., Evans, T.C., and Kimble, J. (1994). GLP-1 is

localized to the mitotic region of the C. elegans germ line. Development 120,

2901–2911.

Crittenden, S.L., Bernstein, D.S., Bachorik, J.L., Thompson, B.E., Gallegos,

M., Petcherski, A.G., Moulder, G., Barstead, R., Wickens, M., and Kimble, J.

(2002). A conserved RNA-binding protein controls germline stem cells in

Caenorhabditis elegans. Nature 417, 660–663.

Crittenden, S.L., Leonhard, K.A., Byrd, D.T., and Kimble, J. (2006). Cellular an-

alyses of the mitotic region in the Caenorhabditis elegans adult germ line. Mol.

Biol. Cell 17, 3051–3061.
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