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Cilia and flagella are microtubule-based organelles that protrude
from the cell body. Ciliary assembly requires intraflagellar transport
(IFT), a motile system that delivers cargo from the cell body to the
flagellar tip for assembly. The process controlling injections of IFT
proteins into the flagellar compartment is, therefore, crucial to cilio-
genesis. Extensive biochemical and genetic analyses have deter-
mined the molecular machinery of IFT, but these studies do not
explain what regulates IFT injection rate. Here, we provide evidence
that IFT injections result from avalanche-like releases of accumulated
IFT material at the flagellar base and that the key regulated feature
of length control is the recruitment of IFT material to the flagellar
base. We used total internal reflection fluorescence microscopy of
IFT proteins in live cells to quantify the size and frequency of injec-
tions over time. The injection dynamics reveal a power-law tailed
distribution of injection event sizes and a negative correlation be-
tween injection size and frequency, as well as rich behaviors such as
quasiperiodicity, bursting, and long-memory effects tied to the size
of the localized load of IFT material awaiting injection at the flagellar
base, collectively indicating that IFT injection dynamics result from
avalanche-like behavior. Computational models based on avalanch-
ing recapitulate observed IFT dynamics, and we further show that
the flagellar Ras-related nuclear protein (Ran) guanosine 5'-triphos-
phate (GTP) gradient can in theory act as a flagellar length sensor to
regulate this localized accumulation of IFT. These results demon-
strate that a self-organizing, physical mechanism can control a bio-
chemically complex intracellular transport pathway.

Chlamydomonas | self-organization | nuclear import | long flagella
mutants | power spectrum

ilia and flagella generate fluid flows and mediate cell signaling

(1), and ciliary length defects cause a wide range of congenital
human diseases. Many of these defects arise from mutations in
intraflagellar transport (IFT) proteins, which are required to build
and maintain the length of cilia and flagella (2). The IFT proteins
form complexes called IFT trains that haul cargo to the ciliary tip
for assembly (3-7). IFT trains first localize to the basal body (8)
and then enter the cilium as a group in an injection event. Un-
derstanding the IFT injection process is critical to understanding
ciliary length control because the injection rate sets the overall
amount of transport that in turn determines the rate of steady-
state flagellar assembly (9).

A previous report indicated that entry of new IFT trains is pe-
riodic (10), suggesting that a biochemical oscillator may regulate
IFT injection. However, the biochemical components of this hy-
pothetical oscillator are currently unknown. Components of the
gate controlling entry into the cilium are being identified (4, 5), but
identifying the oscillating components themselves could be an
extremely difficult biochemical problem because it is not obvious
how to determine whether any given protein is part of the oscil-
lator. In fact, it is not even clear whether there must be a bio-
chemical oscillator at all. An alternative mechanism known as
avalanching can produce nearly periodic behavior without needing
any extra regulatory components.

Avalanches are spontaneous transfers of energy or material
that propagate through a system to varying degrees such that
event magnitude is determined by degree of propagation (11-13).
Avalanche-like behavior occurs in wide-ranging examples in nature,
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from sand piles (13) and magnetic turbulence in plasmas (14) to
solar flares (15), earthquakes (16), and neuronal activity (17), and
has even been described in microtubule dynamics (18) and neu-
ronal growth cone motility (19). Avalanching systems share the
common feature that they are driven toward an unstable state by
an input of energy or material that accumulates until an avalanche
returns the system to a more stable state. The underlying mech-
anism of avalanching (11) produces several characteristic features
that can be detected by time series analysis, such as bursting and
long memory, which occur because individual events can propa-
gate and influence future events, and a fat-tailed event size dis-
tribution, which occurs because there is no characteristic event
size due to the propagating nature of avalanches.

Results and Discussion

To explore the possibility that IFT injection dynamics are pro-
duced by avalanche-like events, we examined time series of IFT
injections into the cilium. We used total internal reflection fluo-
rescence (TIRF) microscopy of green fluorescent protein (GFP)-
tagged IFT proteins in Chlamydomonas reinhardtii flagella (6, 20)
because of the availability of genetic mutants with abnormal fla-
gellar length and the ease of flagellar imaging in this system (Fig.
1A4). Preliminary visual examination of the time series revealed
some apparent periodicity as previously noted (10) (Fig. 1B) but
also significant bursting activity (confirmed as described in Fig. S1,
P = 0.001, 11/40, binomial statistic) as well as long-memory be-
havior as judged by the Hurst exponent = 0.61, SEM = 0.03 (see S/
Materials and Methods for additional analysis of long-memory
behavior), which indicates positive correlation between events
over time, so that when one event has occurred it makes further
events more likely to occur. These observations suggest that IFT
injections are not completely independent random events but rather
are influenced by event history, as is the case in avalanching systems.

To quantify the periodicity of IFT trains, we computed the
power (squared amplitude) in the signal at each frequency (Fig. 1C
and Fig. S24). Power is concentrated in the low frequencies
(centered around 1 Hz) but drops off at high frequencies. The
broad peak in the power spectrum indicates that the injections are
quasiperiodic (periodic but not strictly so). To determine the or-
igin of the broad peak, we examined the power spectrum in a
rolling window across each time series to determine whether the
periodicity is a transient phenomenon (21) (Fig. S3). In 100% of
our kymographs, significant periodicity (P < 0.05) occurs at 1 Hz
for at least 71.5% of the time [robust Fisher’s G-test (22); SI
Materials and Methods]. More specifically, we observe onset and
decay of periodicity in the individual time series, showing that
injections transition continuously between periodic and aperiodic
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Fig. 1. The IFT train injector produces avalanche-like behavior. (A) TIRF microscopy produces movies of KAP-GFP (44) IFT train movement, which are then
converted to kymographs of movement along the flagellar axis. (B) A median projection across the kymograph at angle ¢ (red on kymograph), the pre-
dominant angle of train movement (6), produces a smoothed time series of injections. Behaviors such as bursting (orange) and periodicity (blue) are evident.
Details of the kymograph analysis are given in S/ Materials and Methods. (C) The injector shows quasiperiodicity. We used the time series with a length >50 s
(n = 37) to compute the averaged power spectrum. The average is representative of the individual power spectra. The white region highlights the portion of
the spectrum that reflects the dwell times between successive injections. The gray regions correspond to nonadjacent injections (low frequency) and shape of
individual peaks in the time series (high frequency). The broad peak in the power spectrum results from transient periodicity as indicated in Fig. S3. (D) The IFT
injection size distribution (solid line) indicates a fat-tailed distribution (n = 2,537 injections). A lognormal distribution was fitted to the data (dashed line). We
removed the smallest injections and fitted the remaining tail of the distribution (n = 1,435 injections) to a power law (f(x) = cx“). We found a = 2.85 with P =
0.018, using methods of Clauset et al. (49).

regimes (Fig. S3). Simple biochemical clocks, which are sub- agreement with the experimental observations (Fig. S4 A and B),
cellular systems of biomolecules, also produce oscillations (23).  but sandpiles are a highly abstract concept to apply to living cells,
However, clocks work via time lags in the activity of sequential ~ and sandpile model components do not directly match the com-
components and hysteresis in component states. Thus, bio- ponents of the IFT system. Therefore, we developed a quantita-
chemical clocks, like real clocks, produce robust oscillations (24)  tive model of the IFT injection system, initially derived from the
in contrast to the bursts of activity and transient episodes of pe-  sandpile model but mapping the grains onto jammed IFT par-
riodicity that we observe. In contrast, avalanche-like systems are  ticles in the flagellar pore (Figs. S5 and S6). In this model, the
known to spontaneously exhibit such transient episodes of peri-  accumulation of sand above the angle of repose in a sand pile (13)
odicity (25-27). Thus, avalanching can provide a simpler expla-  (Fig. 24) is replaced by accumulation of potential energy gener-
nation for the observed periodicity. Further consistent with  ated by collections of motors acting against cytoskeletal networks
avalanching, we observe a fat-tailed injection size distribution that ~ (31). This simple model recapitulates the key features of the
falls off according to a power law (Fig. 1D), characteristic of the = observed IFT data (Fig. S6), including the power spectrum and
broad distribution of event sizes seen in other avalanching systems  the Hurst exponent. It also predicted a positive correlation be-
(11). On the basis of comparison with previous stepwise photo-  tween injection size and time interval between injections gov-
bleaching experiments in Engel et al. (20), we estimate that one  erned by the accumulation of material at the basal body.
kinesin-associated protein on the heterotrimeric kinesin-2 com- Because material must accumulate to be released, many ava-
plex (KAP)-GFP molecule corresponds to ~33 normalized in-  lanching systems (27, 32, 33), including our model, show a corre-
tensity units in our measurements (SI Materials and Methods); lation between the amount of strain or material released and the
hence the injection events appear to correspond to avalanches time intervals between release events. We found that this trend was
involving on the order of 1-30 IFT particles. evident in actual IFT injections measured in living cells (Fig. 2 B
Next, we asked how, in principle, avalanche-like behavior and C and Figs. S2 B and C and S6B). In IFT the correlation is
could be generated in the IFT injection system by examining sev-  stronger for the time interval preceding an event, suggesting that
eral computational models that have been applied to avalanch-  the system has more variability in accumulation of material than in
ing systems (Fig. S4): sandpiles (28), coupled sliding blocks (29), release of material (34). In comparing average behaviors of dif-
and traffic jams (30). The sandpile model showed the closest  ferent flagella, an increase in average injection size correlates with
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IFT injection dynamics match dynamics of avalanching systems. (A) In an experimental sandpile, a continuous incoming feed of sand grains produces

a quasiperiodic, discontinuous series of avalanches. In a larger pile, the avalanches are larger and less frequent (13). (B) Mean IFT injection magnitude vs. the
time since the previous injection shows that longer time intervals are associated with larger injections. (C) Mean IFT injection magnitude vs. the time until the
next injection shows that longer times after an injection are associated with larger injections. Error bars are SEM.

an increase in the average time interval between adjacent injec-
tions, corresponding to a decrease in injection frequency (Fig.
S7A; injection size, 147 vs. 463 normalized intensity units, n = 77,
P =8.9x 107", two-tailed # test; mean injection frequency, 1.4 Hz
vs. 0.87 Hz, P = 3.1 x 107°, two-tailed ¢ test.) Injection size and
intervals were determined directly from the time series. At first
glance from a biological perspective, the trend of larger injection
sizes with decreasing injection frequency is somewhat surprising
because the decrease in IFT frequency counteracts some of the
increase in size. However, for an avalanching pile, increasing the
input rate of material can increase the size of the accumulated load,
which results in larger but less-frequent releases of material (27)
(Fig. 24). Again consistent with avalanching, it appears the in-
jection dynamics we observe arise as a natural consequence of a
simple physical system rather than as a directly regulated process.

To examine the role of this process in flagellar length control,
we measured the injection dynamics (i.e., timing and magnitude)
under three distinct biochemical and genetic perturbations that
alter flagellar length. We considered two perturbations that in-
crease average flagellar length (the /f4 mutant and lithium treat-
ment) and one that decreased average length (cycloheximide
treatment). In wild-type cells, the injection rate decreases with
increasing flagellar length (20) (Fig. 34), matching the kinetics of
flagellar regeneration: Short flagella grow rapidly and the growth
rate decreases as flagella become longer. When we perturbed
flagellar length, we saw that the injection rate appears to set fla-
gellar length rather than vice versa: Perturbations that lengthened
flagella (If4, lithium) showed increased injection at any given
length, and a perturbation that shortened flagella (cycloheximide)
reduced injection for any given length (Fig. 3 A and B). This
behavior is opposite what we would expect if the injector were
correcting for the perturbed length; thus the IFT injection rate
appears crucial to flagellar length control.

Under perturbation, injection rates were still consistent with
avalanching: Perturbations did not alter the relation between
event size and time interval compared with that seen in wild-type

Ludington et al.

cells (Fig. 3 C and D and Table S1). If instead a clock were to
regulate the injector, then to make a longer flagellum the clock
would either have to open the injection pore more frequently or
allow more material to be injected for each event. Either way, the
relation between event size and time interval should be changed.
However, an avalanche-like system has a natural relation between
event size and time interval because the driving input accumulates
during the time interval between events. Therefore, increasing
a given time interval should increase the resulting event magni-
tude. Thus, a perturbation could alter the average injection rate by
changing the rate of driving input to the system, but would not
alter the dependence of injection magnitude on time interval.
These observations could be explained in a clock-based system
only if one added additional assumptions about separate control of
clock period and injector magnitude in response to the clock and
assumed that both parameters were under the control of length-
altering perturbations in a manner that happened to maintain the
magnitude—time interval relation. Avalanche-like behavior thus
provides a more parsimonious explanation for the results of these
perturbation experiments.

Avalanching suggests another important prediction: The in-
jection dynamics should depend on the size of the accumulated
load of IFT material (i.e., small, frequent injections arise from
small accumulated loads, whereas large, infrequent injections arise
from large accumulated loads; Fig. 24). Therefore, we examined
the amount of IFT material accumulated at the flagellar base (8)
to determine whether we could detect evidence for such a re-
lationship. We compared rapidly regenerating vs. full-length fla-
gella, which have large, infrequent injections and small, frequent
injections, respectively (20) (Fig. 4 A and B and Figs. S2 D and E
and S8). Consistent with an avalanching system, we found that
more material accumulates at the base of the regenerating flagella.
This observation indicates that the injection dynamics are pro-
portional to the recruitment of material to the flagellar base. Thus,
to achieve length control, the system may regulate just the accu-
mulation of material at the flagellar base, rather than regulating
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Fig. 3. Pharmacological and genetic perturbations modify the length-dependent injection rate but do not change injection dynamics. We used the /4

mutation (50) (kinase) and lithium treatment (51) [GSK3 inhibitor (47)] to study the effects of long flagella on the IFT injector, and we used cycloheximide (52)
(protein synthesis inhibitor) to study the effects of short flagella. (A) Examining the injection rate as a function of flagellar length showed a drastic effect on
the normal length-dependent injection rate: Control trend (n = 168 flagella; blue circles, black solid line with extrapolation dashed) shows a decrease in the
injection rate for longer flagella. Cycloheximide (n = 18 flagella; CHX, green circles) decreases the injection rate below the control trend. Lithium chloride (n =
38 flagella; LiCl, red circles) and the /f4 mutation (n = 29 flagella; /f4, yellow circles) increase the injection rate above the control trend. (B) A box and whisker
plot of the residual for each dataset to the control (blue) trend line shows a significant decrease in CHX (green) and a significant increase in LiCl (red) as well as
with the /f4 mutation (yellow) by multiple pairwise comparison using Bonferroni’s correction for a (***P < 0.0001). (C) Despite the significant change in the
amount of injected material per second, we found no effect on the relationship between individual injection size and the time between events. We plotted
the magnitude of each injection event, measured by GFP intensity, vs. the time since the previous injection event. The control trend line (solid black) for
injection magnitude as a function of accumulation time represents all of the datasets well: control, n = 130 events, blue circles; CHX, n = 55 events, green
circles; LiCl, n = 72 events, red circles; and /f4, n = 57 events, yellow circles. (D) Box and whisker plot of the residual in event magnitude from the control trend
line shows no significant difference (NS) in injection dynamics due to the perturbations. Box and whicker plots: top and bottom of each colored box represent
the 25th and 75th percentiles, respectively. The horizontal line within the box is the median. Whiskers extend to the last data point within 1.5x the inter-

quartile range. Red crosses represent outlier values.

each individual IFT train injection as some reports suggest (4, 5,
10, 20). We note that this finding indicates that two biochemical
processes are actually at work: (i) entry licensing (4, 5) and (i)
accumulation of IFT material at the flagellar base (8) in a length-
dependent manner.

We next asked whether our finding that accumulation of het-
erotrimeric kinesin II and IFT20 is length dependent can be
consistent with existing biochemical data. Dishinger et al. (4) pre-
sented the intriguing result that nuclear import machinery licenses
homodimeric kinesin-2 [osmotic avoidance abnormal-3 (OSM-3)/
kinesin family member-17 (KIF-17)] for ciliary entry. On the basis
of those findings, we developed a theoretical model to predict
how the ciliary Ras-related nuclear protein (Ran) guanosine 5’
triphosphate (GTP) gradient would be expected to change as
a function of flagellar length. The results of this model show that
RanGTP-stimulated recruitment of IFT motors to the basal body
should be a decreasing function of flagellar length (Fig. 4 C and D
and SI Appendix). In this model the length dependence arises
because a given RanGTP molecule will spend more time inside
a longer flagellum, thus giving it more time to hydrolyze before
being sensed. Although the model is completely theoretical, all of
the parameters can be estimated on the basis of published litera-
ture (SI Appendix). The model predicts realistic length depen-
dence and reasonable concentrations of molecules when given
the real parameter values (Fig. 4D and SI Appendix). This model

3928 | www.pnas.org/cgi/doi/10.1073/pnas.1217354110

provides a key missing element in previous organelle size control
models, which showed that a constant quantity of IFT material
per flagellum could lead to a simple mechanism to maintain a fixed
size, but did not address how a constant amount of IFT material
was achieved in the flagella in the first place (9, 20, 35). Fur-
thermore, because the model depends on production and decay
of RanGTP, it suggests that mutations affecting flagellar length,
such as If and shf mutants (36), could potentially alter length by
affecting RanGTP production or by affecting transmission of the
length-dependent RanGTP signal that selectively recruits IFT
proteins to the transitional fibers of the basal body (8). We note
that this type of model could be extended to any compartmen-
talized organelle as a general size sensor.

Conclusions

Our findings explain a previous problem for flagellar length con-
trol, which was how a constant amount of IFT material could be
maintained in the flagellum (9, 35). The answer appears to be that
controlling the amount of IFT material localized at the flagellar
base in a length-dependent manner imparts a length dependence
on injection via avalanching, such that as flagellar length increases,
the injection rate decreases, leading to a roughly constant amount
of IFT material in the flagellum. Our findings also explain why
the injection frequency counteracts the injection magnitude when
the injection rate increases. We previously suggested the decreased

Ludington et al.
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base). Error bars are SEM. In every single case, the short regenerating flagella
had higher-intensity staining at their bases compared with full-length flagella
(38/38, P < 1 x 107'2, binomial statistic). (C) Diagram illustrating how the
RanGTP gradient can act as a length sensor. The model assumes RanGTP is
produced at constant rate, degrades with first-order kinetics, and can diffuse
out through the flagellar pore (for details and derivation of model see S/
Appendix). (D) A graph of the model illustrates variation in RanGTP concen-
tration at the flagellar base as a function of flagellar length. The model pre-
dicts that longer flagella should have a lower RanGTP concentration and
therefore less IFT accumulation than shorter flagella, as seen experimentally in
B. Parameters used for the plot: RanGTP production rate (53) of 10 molecules
per second, RanGTP decay constant (54) of 10/s, RanGTP diffusion constant (54)
of 3 um?ss, flagellar cross-sectional area = 0.02 um?, and pore length = 0.2 um.
For effect of parameter variation see Fig. S12.

injection frequency for large particles was due to increased time
to remodel larger trains (20); however, we see a large variation
in particle sizes (Fig. S7 B and C) and a correlation between
the particle size and the time following an injection (Fig. 2C and
Fig. S7C), which conflicts with this explanation. The behaviors,
including the observed variation, can be parsimoniously explained
as a natural consequence of avalanching, as directly confirmed by
a simple computational model for IFT (Fig. S6). This simple model
gives a consistent explanation of diverse data on IFT dynamics (7,
10, 20), accumulation of material at the flagellar base (8), a con-
stant amount of IFT material in the flagellum (9, 35), and overall
length control (9, 35). It also makes the important prediction that
length is controlled by a length-dependent accumulation of IFT
particles at the basal body, which we suggest arises from the
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inherent length dependence of the ciliary RanGTP gradient (Fig.
4D). Given the similarities between ciliary and nuclear import
(4, 37, 38), we expect that avalanche-like behavior also may have
relevance to the study of nuclear import dynamics (39—41).

Our data show that IFT exhibits avalanche-like qualities, in-
dicating that some of the fundamental organization of cells is in
fact self-organizing. Avalanching systems often show “1/f” noise
(12), evidenced by a power spectrum with a slope of —1. Such
behavior is predicted by theoretical models of avalanching, most
notably the model of “self-organized criticality” (12). We did not
observe such 1/f dependence in the power spectra of IFT (Fig. 1C);
hence IFT does not seem to be an instance of self-organized
criticality. In fact, physical models of avalanche-like systems often
fail to exhibit a 1/f spectrum (27, 42) due to a variety of factors.
Finite-size effects are one such factor (13). By comparing fluo-
rescent intensities between individual particles and the accumu-
lation at the flagellar base, we estimate that the IFT injector holds
on the order of 100 trains and thus falls in the realm of finite size
effects. Furthermore, the 1/f behavior in the power spectrum will
hold only when both the event size distribution and the event in-
terval distribution have similar power-law distributions. In our
case, as in other cases described (42), only the event size distri-
bution has a fat tail that could be fitted with a power law, but not
the distribution of time intervals between events (Fig. S9), thus
explaining why the power spectrum need not show a clear power-
law shape. In any case, we suggest only that our data fit the general
class of avalanche-like systems, rather than the specific class of
models described by the self-organized criticality model.

We also note that because such avalanche-like systems have the
potential for periodic behavior, they offer the cell a spontaneous
mechanism by which to generate regularity and could therefore
serve as the evolutionary starting point for a biochemical oscilla-
tor. Oscillators are ubiquitous in cells, regulating such diverse
functions as the cell cycle, cardiac muscle contraction, and diverse
aspects of metabolism (43). Although oscillators are ubiquitous,
they are often composed of many coordinated parts, raising the
question of how they can arise in evolution. Our findings suggest
that avalanching oscillators arise spontaneously in a cell by a sim-
ple physical mechanism.

Materials and Methods

The KAP-GFP rescue of the flagellar assembly mutant-3 (fla3) mutant was
described previously by Mueller et al. (44), and an I/f4/KAP-GFP/fla3 strain
was produced by mating and PCR-based genotyping. The /4 strain used was
allele /f4-Vv86, obtained by Gregory Pazour in a screen for phototaxis
mutants (45). An IFT20-GFP rescue of the null IFT20 mutant was produced as
described previously (46). All strains were grown on Tris-acetate-phosphate
(TAP) agar plates and then transferred to M1 liquid media under continuous
light before fixation or live cell imaging. LiCl (Sigma) was used as described
(47). Cycloheximide (Sigma) was prepared as a 10-mg/mL stock in ethanol
and diluted to a 10-pg/mL working concentration. Cells were deflagellated
by passing log-phase culture through an insulin syringe (28 gauge, 1 cc).

Live cell imaging was performed on a Nikon te2000 microscope with
a 100x 1.49 NA TIRF oil lens and 488-nm laser illumination with a 514-nm
dichroic mirror and a 525-nm filter. Images were recorded at 29.7 frames per
second on a Photometrics QuantEM EMCCD camera with 0.156 pm per pixel.
The calibration technique is described in S/ Materials and Methods. Kymo-
graphs were made using Nikon elements (v3.1) and converted to IFT in-
jection time series, using custom MATLAB software as described previously
(6) with specific parameters for smoothing and background subtraction that
are indicated in S/ Materials and Methods. Kymograph analysis performance
given in Fig. S10. Kymographs were used to compute power spectra (Fig.
S11) and further analyzed as described in S/ Materials and Methods.

Methanol fixation was as described previously (48). Fixed samples were
imaged on a Deltavision microscope at 100x. Z-stacks were acquired with
a 0.2-um z-step. Deconvolution was performed using Deltavision software.
Custom software was written in MATLAB to delineate and quantify the area
at the flagellar base. Samples were compared by one-way ANOVA and then
multiple pairwise comparisons were made using Bonferroni’s correction for a.

Statistical tests were performed in MATLAB, using the Statistical
Analysis Toolbox.
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