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Tip-growing cells elongate in a highly polarized manner via
focused secretion of flexible cell-wall material. Calcium has been
implicated as a vital factor in regulating the deposition of cell-wall
material. However, deciphering the molecular and mechanistic
calcium targets in vivo has remained challenging. Here, we inves-
tigated intracellular calcium dynamics in the moss Physcomitrella
patens, which provides a system with an abundant source of ge-
netically identical tip-growing cells, excellent cytology, and a large
molecular genetic tool kit. To visualize calcium we used a geneti-
cally encoded cytosolic FRET probe, revealing a fluctuating tipward
gradient with a complex oscillatory profile. Wavelet analysis cou-
pled with a signal-sifting algorithm enabled the quantitative com-
parison of the calcium behavior in cells where growth was inhibited
mechanically, pharmacologically, or genetically. We found that cells
with suppressed growth have calcium oscillatory profiles with
longer frequencies, suggesting that there is a feedback between
the calcium gradient and growth. To investigate the mechanistic
basis for this feedback we simultaneously imaged cytosolic calcium
and actin, which has been shown to be essential for tip growth. We
found that high cytosolic calcium promotes disassembly of a tip-
focused actin spot, while low calcium promotes assembly. In sup-
port of this, abolishing the calcium gradient resulted in dramatic
actin accumulation at the tip. Together these data demonstrate that
tipward calcium is quantitatively linked to actin accumulation in
vivo and that the moss P. patens provides a powerful system to
uncover mechanistic links between calcium, actin, and growth.
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Asubset of cell types that play essential roles in plant devel-
opment, such as pollen tubes, root hairs, moss protonemata,

and algal rhizoids, expand by constraining cell-wall expansion to
the apex of the cell. This form of growth is commonly referred to
as tip growth. Many tip-growing cells display an oscillating tipward
calcium gradient in which periodic changes in the cytoplasmic
calcium concentration correlate with periodic variations in growth
rate (1). Interestingly, in both pollen tubes and root hairs the
maximum calcium concentration peaks shortly after a maximum in
the growth rate, suggesting that calcium dynamics are dependent
on growth dynamics (2). When ionophores are used to experi-
mentally increase the local cytosolic calcium concentration,
growth is arrested (3). Additionally, calcium-channel inhibitors
(GdCl3 or LaCl3) abolish the calcium gradient, typically resulting
in arrested growth (4) and, in the case of root hairs, rupture of the
tip (2). Additionally, growth orientation of pollen tubes and root
hairs depends at least in part on calcium gradients (3, 5). Thus,
calcium dynamics have an impact on growth dynamics, implicating
calcium as a key component of the signal transduction machinery
regulating apical cell wall expansion and thus tip growth.
One favored hypothesis is that cytosolic calcium levels control

the actin cytoskeleton, which in turn regulates secretion and thus
cell wall expansion (for review see ref. 6). In support of this hy-
pothesis, actin-depolymerizing drugs such as latrunculin B (LatB)
abolish the dynamic tipward calcium gradient and growth in pollen
tubes and root hairs (7–10). Cytosolic calcium likely decreases
because growth stops. Stretch-activated calcium channels in the
plasma membrane have been proposed to link growth status to

calcium by responding to cell-wall or membrane curvature,
thereby modulating cytosolic calcium uptake (11, 12). However,
how calcium regulates the actin cytoskeleton in tip-growing cells
remains unclear.
In fact, there are myriad possible mechanistic connections be-

tween calcium and actin filament dynamics and organization. At the
biochemical level, the activity of many actin-binding proteins is
calcium-dependent and can thus modulate F-actin architecture di-
rectly (13). Specifically, profilin binding activity has been shown to
be calcium-dependent in vitro (14), and profilin deficient tip-
growing cells are impaired (15, 16). Villins, gelsolin-like proteins,
both bind and sever actin in a calcium-dependent manner (17) and
are necessary for pollen tube growth (18). Additionally, cytosolic
calcium levels directly regulate calcium-dependent protein kinases
(CDPKs), which do not require an interaction with calmodulin for
activation. In support of this, CDPK-like null plants have aberrant
actin structures within pollen tubes, suggesting CDPKs could reg-
ulate actin by phosphorylating specific actin-modulating proteins
(19, 20), with ACTIN DEPOLYMERIZING FACTOR(ADF)/
Cofilin being a well-studied example (21–23). Similarly, calcium
levels are implicated in controlling small Rho/Rac of Plants
GTPase activity (24)—proteins critical for tip growth. Thus, calcium
impacts many actin-dependent cellular processes, making it chal-
lenging to uncover the mechanistic links between calcium and actin.
Establishing a mechanistic understanding of the interaction

between calcium and growth via the regulation of the actin cy-
toskeleton in vivo has remained challenging due to the many
cellular processes affected by calcium (25). An additional chal-
lenge has been identifying an in vivo tip-growing plant system
amenable to rapid molecular genetic manipulation with excellent
cytology. Here, we present evidence that the moss Physcomitrella
patens provides the ideal in vivo system to dissect the interaction
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between calcium, growth, and actin. The juvenile tissue of mosses
is composed of tip-growing cells, called protonemata, that can be
easily propagated asexually by either moderate tissue homogeni-
zation or regenerating whole plants from single protoplasts,
resulting in thousands of genetically identical tip-growing cells (26,
27). Furthermore, P. patens has excellent genetic resources: a se-
quenced and annotated genome (28), an expression atlas (29),
well-established transformation protocols (30), high frequency of
successful homologous recombination allowing for precise gene
knock in/knock out (31), robust methods for RNAi (32–34), and
CRISPR/Cas9 genome editing (35). However, calcium signaling in
P. patens remains understudied. Early work using reconstituted
aquaporins and coelenterazine demonstrated a wavelength-specific
calcium response in protonemal tissue (36). A decade later,
Koselski et al. (37) identified light-responsive calcium channel-
dependent action potentials. Similarly, Tucker et al. (38) used
Fura-2-dextran to report UV-A–induced calcium waves in apical
protonemal cells. However, none of these studies investigated
mechanistic connections between calcium and tip growth.
To simultaneously monitor actin and calcium dynamics we

generated a P. patens line that stably expresses both Yellow-
Cameleon 65, a FRET-based calcium probe (39, 40), and
Lifeact-mRuby, a validated live-cell actin binding probe (41–43).
Employing calcium-channel inhibitors and RNAi to silence spe-
cific calcium pumps we showed that calcium homeostasis is es-
sential for protonemal growth. Using microfluidic chambers
amenable to long-term live-cell imaging (44), we discovered
that protonemata have a highly dynamic calcium gradient that
has complex periodic behavior at the tip of growing cells. By
perturbing growth pharmacologically, genetically, and mechan-
ically we found that intracellular calcium dynamics depend
on growth. By simultaneously imaging calcium and actin we

demonstrated that tip-focused actin filaments also exhibited
complex oscillatory behavior that is anticorrelated with cytosolic
calcium. Our study represents a direct, quantitative dissection of
the interaction between calcium and actin in live, tip-growing
plant cells.

Results
Calcium Homeostasis Is Essential for Long-Term Protonemal Growth.
To determine whether calcium is important for protonemal tip
growth we used lanthanum chloride (LaCl3) to inhibit calcium-
channel proteins. Because LaCl3 forms a precipitate in normal
growth medium, we grew plants regenerated from protoplasts on
plates containing only water and agar. We found that after ex-
posure to 0.1 mM LaCl3 for 3 d plants were 65% the size of the
control (Fig. 1). Higher concentrations of LaCl3 further inhibited
growth, and plants grown on 0.25 mM LaCl3 only were 7% the
size of control (Fig. 1). The dramatic reduction in area was
coupled with reduced viability (n = 3 plants, 0.5 mM LaCl3; n =
48, 0.25 mM LaCl3; n = 85, 0.1 mM LaCl3; n = 108, control).
Together these results indicate that inhibiting calcium transport
negatively affects growth and viability.
To investigate proteins potentially involved in calcium ho-

meostasis during tip growth we knocked down the expression of
key calcium-channel pumps via RNAi. In Arabidopsis thaliana,
plants lacking the Autoinhibitory Calcium-ATPase 9 (AtACA9)
have pollen tube growth defects, and fusions of this protein with
GFP localize to the plasma membrane of pollen tubes (45). In P.
patens, the gene product of transiently overexpressed PpACA1-
GFP in protoplasts localized to the membrane of small vacuole-
like structures (46). Interestingly, knockouts of PpACA1 resulted
in plants with a decrease in both salt tolerance in gametophores
and the ability to sequester cytosolic calcium in protonemata
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Fig. 1. Calcium-channel inhibition inhibits protonemal growth. Representative fluorescence images of 7-d-old plants (A) and the quantification of plant size
(B) grown on the indicated concentration of LaCl3. Representative 7-d-old plants transformed with the indicated constructs (C) and the quantification of plant size
(D). Plants were visualized by imaging chloroplast autofluorescence with a fluorescence stereomicroscope. Plant area was determined by measuring the area of
the chlorophyll autofluorescence, normalized to control conditions. Letters indicate statistical groups with α < 0.05 from an ANOVA analysis. (Scale bars, 100 μm.)
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(46). In fact, there are five ACA genes in P. patens (28). Based on the
published expression atlas (29), four of the ACA genes are expressed
in protonemata: ACA1 (Pp3c8_9970V3), ACA2 (Pp3c19_22060V3),

ACA3 (Pp3c22_18760), and ACA5 (Pp3c13_24540V3). ACA4
(Pp3c14_19110V3) is only significantly expressed in archegonia (29),
the female organs, and thus was not targeted in the RNAi assays.
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Fig. 2. Visualization of tipward calcium gradient in protonemata. Representative images from a time-lapse acquisition showing the peak and trough of the calcium
fluctuations in WT (A), 50 μM LatB-treated WT (B), and Δaip1 (C) cells (Movie S1). (Scale bars, 10 μm.) Kymographs are made from a 20-μm line drawn through the
middle of the cell, parallel to the access of growth. Line traces of mean intensity in an apical region ROI for WT (D), LatB-treated WT (E), and Δaip1 (F) cells. Wavelet
analysis output represented as a heat map, from WT (G), LatB-treated WT (H), and Δaip1 (I) cells. Black lines are ridges of statistically significant oscillations. (J) Period–
power fraction plot of IMFs in each treatment. Size of ellipse is SD on each axis. (K) Period plot of each IMF. Stars denote statistical difference (Fisher’s LSD, P < 0.05).
(L) Power fraction plot for each IMF in control and LatB-treated cells. Power of the IMFs shifts to favor longer periods, specifically IMF4 (Fisher’s LSD, P < 0.05).
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For ACA1, -2, -3, and -5, a 500-bp fragment was cloned from the 5′
end of each coding sequence (CDS). After ligating these fragments
we then generated RNAi constructs (CDSi) that simultaneously
targeted either two or four PpACA genes in a manner described
previously (33). ACA1,3 and ACA2,5 RNAi constructs resulted in a
55% and 57% reduction in plant size, respectively (Fig. 1). When
ACA1, -2, -3, and -5 were targeted simultaneously the resulting
plants were 80% smaller than the control.
To ensure that the coding sequence RNAi construct is specific

for the expressed ACA genes we designed a second RNAi construct
(UTRi) that targeted the UTRs of the ACAs. In trying to isolate
the 5′UTR of ACA3, which did not have a predicted 5′ UTR (28),
we discovered that under our culturing conditions ACA3 is not
expressed in 7-d-old protonemata (Fig. S1). Thus, the UTRi RNAi
construct only contains the UTRs of ACA1, -2, and -5. Neverthe-
less, regenerated plants expressing this plasmid phenocopy the
coding-sequence-targeting constructs, as plants were 79% smaller
than the control (Fig. 1 C and D). These data demonstrate that
ACAs are required for protonemal growth and suggest that their
regulation of calcium homeostasis likely underlies their role
in growth.

Yellow-Cameleon Nano 65 Reveals a Calcium Gradient in Growing
Protonemata. To visualize cytosolic calcium levels, we generated
stable lines where expression of the FRET-based calcium probe
Yellow-Cameleon Nano 65 (YCN) was driven by a constitutive
promoter (39, 40). For confocal imaging, we regenerated YCN
protonemal tissue in polydimethylsiloxane (PDMS) microfluidics
devices, enabling imaging over extended time scales (44). By di-
viding the FRET-acceptor (YFP) signal by the FRET-donor (CFP)
signal we generated ratiometric representations of cytosolic cal-
cium. Protonemal filaments have two cell types: slower-growing
chloronemata and faster-growing caulonemata. Here, we ana-
lyzed caulonemal cells because due to their growth rates it is easier
to identify actively growing cells. We observed a manifest tipward
calcium gradient (Fig. 2A) in growing caulonemal cells, similar to
that observed in other tip-growing plant cells (47–51). We found
that calcium fluctuated on the order of seconds and did so per-
sistently when imaged for tens of minutes (Fig. 2 and Movie S1).
Interestingly, these episodic changes do not form stationary

oscillations but rather display a complex time course, with brief
oscillations of different frequencies appearing and disappearing
throughout the time course. We found that methods typically
used to analyze oscillatory signals, such as autocorrelation and
Fourier transformations (52), were not able to capture the
temporal structure of the calcium changes. Instead, we used
wavelet analysis, which scans the time series, identifying fre-
quencies of brief oscillations (wavelets) occurring across any
oscillatory dataset (53). Summing together the significant wave-
let frequencies recapitulates the observed complex oscillation
profile. In every experiment wavelet analysis revealed several
statistically significant components shown in the heat map as red
and as black lines across the frequency-versus-time profile (Fig. 2
G–I). To extract component frequencies we employed a signal-
sifting algorithm that decomposes the complex oscillations into
separate simple ones: empirical mode decomposition (EMD)
(54). This process generates a series of intrinsic mode functions
(IMFs) that correspond to discrete periods found in the complex
signal. Additionally, this method allows us to quantify the degree
to which each oscillation contributes to the net signal, referred to
here as the power fraction. We extracted the component fre-
quencies identified as significant in each experiment and aver-
aged these values across experiments. For control cells there are
six oscillatory components, summarized in Table 1 and shown in
Fig. 2 J and K. Additionally, component frequencies had unequal
contributions to the overall pattern, as seen in their power
fraction (Fig. 2 J and L and Table 1). In control cells IMFs 1, 3,
and 4 contribute to the bulk of the signal (Fig. 2L and Table 1).
Both the number of component frequencies and their varied
power fraction contribute to the complex oscillation pattern of
the apical calcium gradient.

To probe the signaling significance of the calcium fluctuations
observed in growing cells we investigated the change in calcium
dynamics after inhibiting growth using LatB. LatB is a potent
actin-depolymerizing drug, and its effects on protonemal growth
have been well documented (55–58). Cells treated with 50 μM
LatB, which is sufficient to depolymerize actin filaments in
microfluidic chambers (44), continued to exhibit calcium oscillations
(Fig. 2 B and E and Movie S1). LatB-treated cells stopped growing
but continued to swell at an average rate of 2.64 ± 1.5 μm/h, a
4.7-fold reduction from the WT expansion rate. Through EMD,
we found that the more rapid IMFs (1–3) were unchanged by
the LatB treatment, but both IMFs 4 and 6 slowed down, taking
on longer periods (Fig. 2 J and K and Table 1). While the pe-
riod of IMF 1 did not change significantly, the power fraction of
IMF 1 dropped substantially to 6.2 ± 9.1%, making it a weak
contributor to the net signal (Fig. 2L and Table 1, n = 6). Si-
multaneously, the power fraction of IMF 4 increased signifi-
cantly to 39.0 ± 24.3%, suggesting that LatB treatment results
in oscillations composed of longer periods (Fig. 2L). In sup-
port of this, we detected an additional IMF with a period of
420.2 ± 25.9 s in LatB-treated cells (Fig. 2 J–L and Table 1).
These results show that cells lacking actin had slower calcium
oscillations.
LatB depolymerized all actin filaments, leading to immediate

growth inhibition. To more subtly perturb growth we used a
genetic approach to modulate actin dynamics. Null mutants in
ACTIN INTERACTING PROTEIN1 (AIP1), which works
synergistically with ADF to sever actin filaments (59, 60), ex-
hibit slow-growing protonemata, dramatically reduced actin
filament dynamics, and accumulation of cytosolic actin bundles
(61). To analyze calcium behavior in this mutant we took ad-
vantage of P. patens’ efficient rate of homologous recombina-
tion to knock out AIP1 in the YCN/Lifeact-mRuby line (Fig.
S2). The YCN/Lifeact-mRuby Δaip1 line had a morphology
similar to Δaip1 mutants generated previously and grew at
4.67 ± 1.9 μm/h, 2.7-fold slower than the control YCN/Lifeact-
mRuby line. Similar to LatB treatment, growing Δaip1 cells also
exhibited a tipward calcium gradient (Movie S1). Similar to
LatB-treated cells, both the time trace (Fig. 2F) and wavelet
heat map (Fig. 2I) show a shift to favor longer periods in Δaip1.
However, the periods of the component frequencies of the
calcium oscillations were different from those of LatB-treated
cells (Fig. 2). In Δaip1 cells, the first IMF that the EMD anal-
ysis identified was 50.1 ± 8.7 s—statistically dissimilar from
IMF1 of both control and LatB-treated cells but statistically
indistinguishable from control IMF 3 [Fisher’s least significant
difference (LSD), P < 0.05; Fig. 2 J and K]. Likewise, Δaip1
IMF3 and IMF4 are most similar to control and LatB IMF4 and
IMF5, respectively, suggesting that the component frequencies
comprising the calcium oscillation in Δaip1 cells have shifted to
longer periods (Fisher’s LSD, P < 0.05; Fig. 2 J and K). Thus, a
reduction in actin dynamics results in a dramatic difference in
calcium behavior.

Physical Barriers to Growth Alter the Tipward Cytosolic Calcium
Behavior. LatB treatment and deletion of AIP1 significantly al-
ter growth by shifting the pool of monomeric and filamentous
actin to either extreme, and the oscillation profile of the apical
calcium gradient is likewise aberrant. To perturb growth in a
less-invasive manner we sought to restrain growth mechanically,
thereby not altering cell physiology, and then monitoring in-
tracellular calcium behavior. We used microfluidic chambers
engineered with a series of barriers around which growing
protonemata must navigate. We imaged YCN caulonemal cells
growing toward, interacting with, and finally pushing against
barriers (Fig. 3 and Movie S2). Due to differences in the angle
of interaction, and microtopography of the barriers, there was
considerable variability in the responses from cells growing
into barriers.
Fig. 3 shows three examples of the types of interactions ob-

served. Growth inhibition can be readily observed for two of
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the cells in their respective kymographs. However, a decrease in
the apical curvature (Fig. 3 B, E, and H, blue line) and in the
expansion rates (Fig. S3) more accurately describes the collision
behavior. The cell in Fig. 3 A–C exhibits a period of normal
growth (Fig. 3B, green region) before colliding with the barrier.
Upon collision, there is a drop in the apical calcium (Fig. 3B,
green line). Afterward, normal growth is inhibited, as evidenced
by a change in the apical curvature (Fig. 3B, blue line) and ex-
pansion still continues at 54.21 μm2/h, a 5.1-fold decrease from
precollision expansion rates (Fig. S3A). Once normal growth is
inhibited, the wavelet analysis (Fig. 3C) shows a shift in the os-
cillation profile to favor longer periods. The cell in Fig. 3 D–F
slid along the barrier (Fig. 3E, yellow region), during which there
was a slight decline in the apical curvature (Fig. 3E, blue line)
and a decrease in the expansion rate (Fig. S3B). However, the
cell was observed to fully collide once the apical curvature
dropped below 0.25/μm (Fig. 3E, blue line), and the expansion
rate was 7.0-fold lower than precollision expansion rates (Fig.
S3B). The full collision was concurrent with a shift in the calcium
oscillation profile. The structures due to the shorter frequencies
are overshadowed by the intense, longer-frequency IMFs (Fig.
3E, red region, Fig. 3F). Finally, the cell in Fig. 3 G–I never
stopped growing, as evidenced by the 1.6-fold decrease in ex-
pansion rate (Fig. S3C). However, at the minimal expansion
rate (77.8 ± 5.1 μm2/h), concurrent with the apical curvature
dropping below 0.17/μm, the calcium oscillation profile has a
predominant longer period wavelet (Fig. 3I).
Although each cell imaged was unique, commonalities are

apparent. IMF period values and power fractions were measured
comparing regions of the time course before the collisions
(green/yellow) versus during the collisions (red). As each cell
interacts with a barrier there is a shift in the power of IMFs to
favor the longer frequencies (Fig. 3 J and L). Although shorter
frequencies were diminished in power they were still detectable
and their period seemed unchanged. Interestingly, the oscillation
profile for a cell that experienced an abrupt change in expansion
rate (Fig. 3 A–C) upon contact with a barrier resembled what we
observed after growth was inhibited with LatB (Fig. 2). Since
mechanical, pharmacological, and genetic inhibition of growth
similarly alter the calcium oscillation behavior these data provide
a quantitative framework for analyzing the link between calcium
and growth.

Cytosolic Calcium and Apical Actin Are Anticorrelated During Tip
Growth. Since dynamic actin is required for tip growth we in-
vestigated the relationship between actin and calcium during
growth. We quantified the tipward calcium gradient fluctuations
and the intensity levels of a focal point of tip-localized actin fila-
ments (the actin spot, Fig. 4). While persistent over long time
periods, this actin spot is constantly polymerizing and depolyme-
rizing on a time scale of seconds, leading to changes in actin-spot
position and intensity during growth (Movie S3). We reasoned
that if calcium modulates actin turnover in the apical actin spot
then the calcium and actin signals would be correlated. To ensure
that decreases in intensity were not due to the actin spot moving
out of the imaging plane we increased the size of the pinhole

capturing light from above and below the imaging plane. For
calcium, we measured the mean intensity of a region of interest
(ROI) at the cell tip, starting ∼6 μm back from the apex. For actin
we measured the maximum intensity in the same ROI to track
changes in the actin spot (Fig. 4A). When these intensities were
plotted simultaneously we observed that high levels of calcium
qualitatively correlated with low levels of actin (Fig. 4B; black
arrows point to anticorrelated peaks). To quantitatively test the
observed correlation we used cross-correlation analysis (Fig. 4C).
Cross-correlation analysis quantifies the similarity of two datasets
by comparing one to the other along all of the points in the series.
By shifting the actin data along the calcium data the cross-
correlation analysis revealed that calcium and actin signals were
significantly anticorrelated (−0.473, n = 9). Additionally, this
analysis revealed a −6.1-s lag associated with the calcium signal
and the corresponding actin response. We obtained similar values
when we performed cross-correlation analysis of the apical cal-
cium and the area of the actin spot (Fig. S4). Cross-correlation
analysis takes into account the shape of each intensity change.
Therefore, the temporally local decrease in Lifeact-mRuby signal
is proportional to the previous rise in YCN ratio, demonstrating
that the intensity of the actin at the apical spot is predicted by the
preceding calcium activity.
To further investigate the relationship between calcium and

actin we took advantage of the Δaip1 mutant since it has altered
actin and calcium dynamics. We performed simultaneous ac-
quisition of both YCN and Lifeact-mRuby in YCN/LAmRuby/
Δaip1 protonemata. Similar to previous observations (61) and
distinct from what is present in WT cells, we observed dramatic
actin filament bundles that undergo retrograde movement (Fig.
5A and Movie S4). Interestingly, in growing cells, actin bundles
originated in a subapical region precisely correlating with the
boundary between the apical calcium gradient and background
cytosolic calcium levels (Fig. 5A and Movie S4). This observation
is consistent with the formation of actin filaments in the low-
calcium state. However, actin filaments, particularly the prom-
inent apical actin spot, were nearly absent from the apical
cytoplasm even in the presence of an oscillating calcium gradient
(Fig. 2). It is possible that actin monomers are sequestered in
the subapical actin bundles and thus are unavailable to poly-
merize at the cell apex because actin filaments turn over slowly
in Δaip1 plants (61). Thus, in a cell where the equilibrium be-
tween monomeric and filamentous actin has been shifted to-
ward the latter, actin network formation was still anticorrelated
with calcium activity.
To investigate actin’s response we sought to specifically alter

calcium. The anticorrelation between calcium and actin predicts
that under sustained periods of low calcium the apical actin spot
should undergo unregulated actin polymerization. Similarly,
under sustained periods of high calcium the apical actin spot
would depolymerize. We tested this prediction by monitoring the
response of both the actin spot and cytosolic calcium levels when
growing cells were exposed to 0.1 mM LaCl3, which inhibits
calcium entry. Within seconds of the addition of LaCl3, growth
stopped and the strong tipward gradient was abolished (Fig.
5B and Movie S5). Concomitant with the loss of the calcium

Table 1. Period and power fraction of IMFs

Period, s Power fraction, %

IMF Control LatB Δaip1 Control LatB Δaip1

IMF1 23.2 ± 3.39 22.1 ± 2.7 50.1 ± 8.7 30.0 ± 13 6.2 ± 9.1 58.9 ± 22.2
IMF2 36.7 ± 3.8 32.9 ± 9.3 79.0 ± 7.5 3.3 ± 4.4 2.2 ± 4.1 3.1 ± 3.1
IMF3 56.0 ± 8.4 67.1 ± 12.0 108.0 ± 19.0 23.7 ± 12.4 18.2 ± 10.8 23.6 ± 19.5
IMF4 97.1 ± 6.88 123.1 ± 19.7 197.23 ± 13.5 24.0 ± 10.7 39.0 ± 24.3 9.0 ± 3.2
IMF5 210.1 ± 37.1 205.2 ± 11.7 324.3 ± 54.88 12.8 ± 6.5 13.3 ± 7.4 5.4 ± 6.4
IMF6 345.2 ± 49.9 401.4 ± 33.8 — 7.24 ± 9.6 18.0 ± 10.5 —

IMF7 — 420.2 ± 25.9 — — 8.2 ± 5.5 —
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gradient the actin spot dramatically increased in size (Fig. 5B,
white arrow head), taking up a larger region of the cell tip.
Interestingly, the spot remained quite mobile during this tran-
sition. The remaining cytosolic calcium dropped over the course

of minutes. Strikingly, each cell treated with 0.1 mM LaCl3 ul-
timately exploded after several minutes (Movie S5). Before ex-
plosion, there was a dramatic increase in cytosolic calcium that
appeared to emanate from the tip, suggesting that a small
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Fig. 3. The tipward calcium oscillations were altered by inhibiting growth mechanically. (A, D, and G) Representative images and kymographs from a time-
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rupture of the plasma membrane occurred at the tip. This dra-
matic increase was accompanied by an immediate decrease in
the accumulated actin spot. Taken together, these data suggest
that elevated calcium inhibits apical actin filament accumu-
lation in vivo.

Discussion
Here, we have shown that P. patens tip-growing cells exhibit a
complex and dynamic calcium oscillation profile. To gain insight
into the significance of the component frequencies identified in
the calcium oscillations we manipulated growth pharmacologi-
cally, genetically, and mechanically. We found all treatments that
result in a reduction in growth alter the oscillation profile. The
most consistent change is that upon growth retardation longer

frequencies predominate in the oscillation profile. These data
indicate that growth is tightly coupled to calcium homeostasis.
Furthermore, we probed the relationship between intracellular
calcium and the actin cytoskeleton, which is essential for polar-
ized growth in P. patens. By simultaneously imaging calcium and
actin in cells we demonstrated calcium activity predicts the size
and intensity of the apical actin spot.
The complex calcium behavior at the apex of growing P. patens

cells was not readily analyzed with commonly employed ap-
proaches, such as Fourier and spectral analyses (52). In fact,
these methods failed to pull out robust frequencies, presumably
because the calcium signal is a summation of multiple frequen-
cies resulting from distinct biological processes. However, using
wavelet analysis and EMD sifting we were able to reliably extract
frequencies represented with statistical significance from the
calcium data. Wavelet analysis has been increasingly used to
dissect a variety of complex oscillatory data, from hydrology (62)
to brain wave activity (63) to financial markets (64). P. patens
apical calcium oscillation profile has six predominant frequencies
which modulate the temporally local calcium signal in a variable
combinatorial manner. Calcium oscillations have been detected
in several other systems with vastly different growth rates, in-
cluding pollen tubes (11, 65, 66) and the tip-growing hyphae of
Aspergillus nidulans (67), both of which exhibit calcium oscilla-
tions with a single frequency. Recently, a two-frequency oscilla-
tion profile was reported in Arabidopsis root hairs (68). It is
unclear why some tip-growing cells, such as pollen tubes, have a
single oscillation frequency and others, such as root hairs and
moss caulonemata, have more complex oscillations. One possi-
bility considers the more permanent nature of moss protonemata.
Pollen tubes are highly specialized cells with the singular purpose
of growing toward the ovule. Root hairs must integrate infor-
mation about soil composition into their growth patterns but are
ultimately ephemeral structures. Protonemata, however, repre-
sent the entire body of the juvenile plant and therefore may have
calcium signals that are observed in the more permanent struc-
tures of seed plants (25).
Additionally, the longer-frequency oscillations may represent

differential uptake/export from distinct intracellular or extra-
cellular calcium stores. If, for example, in pollen tubes the power
of the longer-frequency calcium oscillations is small in compar-
ison with the power of the changes in the short-frequency os-
cillation then they may not be detected. In turn, the power of
each frequency may reflect differences in how much calcium is
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Fig. 5. Aberrant actin and calcium. (A) Maximum intensity projections of Z-stacks (Top) of Lifeact-mRuby and medial plane selections of YCN (Bottom) from
three representative YCN/LA/Δaip1 apical cells. Note that the basal end of the calcium gradient coincides with the apical limit of the actin bundles (Movie S4).
(B) Single-focal-plane images of Lifeact-mRuby (Top) and YCN (Bottom) from a cell treated with 0.1 mM LaCl3. The first pair is pretreatment, the second pair
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buffered in the cell wall or intracellular compartments. As seen
by the EMD, the power fraction for each IMF is varied, and it
may be that other tip-growing systems have a greater difference
in component frequencies such that only one is favored. By
taking advantage of the excellent cytology and genetic manipu-
lability of P. patens future computational modeling of calcium
homeostasis, coupled to genetic perturbations of molecules in-
volved in calcium regulation, will help to identify the molecular
basis of the longer-frequency calcium oscillations.
Notably, altering actin dynamics in P. patens shifted the

predominant frequencies to longer time scales. For example,
in the absence of actin filaments we found that the contribu-
tion of the short-frequency calcium oscillation is diminished
and a new longer-frequency oscillation (IMF 7) is observed.
Additionally, IMF4 increases in power upon LatB treatment
and trends toward the same during collisions with barriers. It
could be that the trend to favor longer oscillations is indicative
of a stress response, of which calcium has been known to play a
part (69–71). When actin dynamics were drastically inhibited
in Δaip1 cells we observed a shift of the more rapid IMFs in
periodicity to slower times, but significantly faster than in the
absence of actin filaments. Indeed, it appears that what was
identified as IMF3 in control cells completely disappears in
Δaip1 cells, and IMF 1 and 2 shift to compensate (Fig. 2J).
These data suggest that dynamic actin influences the calcium
oscillatory behavior. However, it is difficult to uncouple growth
and actin dynamics, since cells lacking actin do not grow and
cells with drastically impaired actin dynamics such as the Δaip1
cells grow very slowly. To address this we imaged cells with
normal actin dynamics that are physically restrained by en-
countering a barrier. Barrier navigation is analogous to how
protonemata might negotiate and colonize uneven soil. In-
terestingly, we also observed shifts to predominantly longer
frequencies when the cells grew against the barriers. Together
these data suggest that when growth is affected the calcium
oscillatory frequencies slow down, indicating a change in
growth status.
Since the calcium behavior is oscillatory, it suggests that

there is active feedback between calcium and growth. In-
triguingly, and in contrast to pollen tubes, moss caulonemata
do not exhibit obvious growth oscillations (72), which could
simply be an issue of resolution. If a feedback mechanism is
present, then we would expect that in the absence of calcium
oscillations growth would be inhibited. We were able to
abolish all calcium oscillations in growing caulonemata by
adding LaCl3 to the growth medium. As predicted, caulo-
nemal cells exposed to 0.1 mM LaCl3 immediately stopped
growing and exploded within a few minutes. Because LaCl3
abolishes the calcium gradient by inhibiting calcium import,
it suggests that calcium oscillatory behavior requires entry of
extracellular calcium. Furthermore, calcium oscillations
during tip growth are required for cellular integrity. In-
terestingly, prolonged exposure to 0.1 mM LaCl3, as in our
growth assays (Fig. 1), was not lethal. This suggests that
plants are able to compensate for the deleterious effects of
LaCl3, perhaps by changing the composition of the cell wall,
or by sequestering LaCl3. When imaging for our growth as-
say, plants are predominately composed of chloronemata, as
caulonemata occur later in development. Together, these
observations could suggest that chloronemal cells are more
resilient than caulonemata to the effects of LaCl3.
Having identified that entry of extracellular calcium is essen-

tial we reasoned that calcium sequestration would likely play an
important role in growth. Calcium sequestration could be
achieved by rapidly transporting calcium into intracellular com-
partments, or pumped out of the cell entirely, by Ca2+-ATPases.
In P. patens the autoinhibitory Ca2+-ATPases (ACAs) have been
shown to be important for calcium homeostasis. Specifically,
Δaca1 protonemata are unable to restore cytosolic calcium levels
to baseline after salt-induced calcium uptake. In that study, the
authors also showed that 35S::PpACA1-GFP gene product lo-

calizes to small vacuoles (46). Together these data suggest that
PpACA1 plays a role in the rapid sequestration of calcium into
membranous vacuolar compartments. Furthermore, plant ACA
activity requires calcium-dependent calmodulin binding to the
N-terminal autoinhibitory domain (45, 46, 73). Thus, calcium
influxes across the plasma membrane, such as those observed in
caulonemata, could activate the machinery required for immediate
calcium transport by ACAs localized to the plasma membrane,
endoplasmic reticulum, vacuoles, chloroplasts, or mitochondria.
Here, we silenced the three ACA genes expressed in protone-
mata (Fig. S1) and found that plants were severely impaired in
growth, which suggests that this family of calcium ATPases is
critical for regulating calcium homeostasis in moss. Future
studies of ACA localization and the impact of ACA loss-of-
function mutations on intracellular calcium dynamics will begin
to connect the regulatory mechanisms that link calcium oscilla-
tory behavior to growth.
Probing the mechanistic links between calcium, actin, and

growth has been challenging, because calcium affects a multitude
of cellular processes (25) and therefore has a complex in-
tracellular regulatory infrastructure. Consequently, the focus of
the tip-growth field has been on calcium modulation of the actin
cytoskeleton ultimately impacting secretion (6). The majority of
these studies have analyzed correlations between intracellular
activities (calcium/actin/secretion) and growth, not between the
intracellular activities themselves (reviewed in ref. 74). Recently,
however, Takeshita et al. (67) approached this question in the
hyphae of the fungus A. nidulans. By knocking out known cal-
cium channels they dramatically reduced the correlated calcium
and F-actin oscillations seen in WT. Here, we modulated the
actin dynamics in a plant system and measured the consequences
for the calcium oscillation profile. Additionally, by hindering
calcium uptake with LaCl3 we documented a robust reciprocal
interaction whereby actin polymerization prevails when the api-
cal region is in a low-calcium state.
With simultaneous imaging of calcium and actin probes we

saw that calcium and the intensity and size of an apical actin
structure are anticorrelated. We found that in WT cells with
normal actin dynamics high calcium levels lead to depolymer-
ization of the apical actin spot. Low levels promoted formation
of the actin spot. In the subapical region of the cell that has
constitutively low levels of calcium actin bundles were observed.
However, in cells with reduced actin dynamics, such as in Δaip1
cells, we observed a shift toward actin bundling due to the longer
lifetime of individual filaments (61). As a result, in the subapical
regions, which directly correlated with low calcium levels, we
observed massive bundling, which likely deprived the apical do-
main of sufficient monomers to generate the apical actin spot,
even though Δaip1 cells exhibited sustained periods of low cal-
cium at the cell tip.
In the absence of the calcium gradient, which was achieved in

cells treated with LaCl3, we observed the actin spot grow in in-
tensity, corroborating our observations that calcium inhibits actin
accumulation in WT cells. Importantly, we observed that the
enlarged actin spot lost focus and occupied a larger portion
of the tip, suggesting that calcium not only controls the dynamics
of the apical actin spot but also spatially restricts the actin spot in
the apical dome. Treatment with LaCl3 led to cell rupture,
suggesting that an enlarged actin spot leads to unregulated cell
expansion. Thus, our data suggest that oscillatory changes in
calcium precisely modulate the apical actin spot, leading to
regulation of cell expansion at the cell tip. Moving forward,
coupling modeling of the rich and complex calcium oscillation
profile in P. patens caulonemata with the superb cytology and
extensive genetic resources available in P. patens provides an
opportunity to uncover the molecular linkages between growth,
calcium, and actin.

Materials and Methods
Plant Culture and Transformation. All lines were aseptically propagated
weekly by moderate homogenization in water and pipetting onto a
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permeable cellophane-covered solid media, as described previously (58). Petri
dishes of tissue were grown at room temperature in Percival growth chambers,
under 85 μmolphotons/m

2·s light with long-day conditions. Stable lines were
generated with a PEG-mediated transformation protocol, described previously
(30). Yellow-Cameleon 65 in the pTH-Ubi gate expression vector (33) was a
gift from Simon Gilroy, University of Wisconsin–Madison, Madison, WI. In
this expression vector YCN65 expression is driven by the maize ubiquitin
promoter. Linearized plasmid is transformed into protoplasts from 7-d-
old WT tissue. Selection for transgenic plants was done as described
previously (30), and hygromycin-resistant plants were screened visually for
expression of the probe. Similarly, Lifeact was fused to mRuby via site-
specific recombination-based cloning into pTZ-Ubi gate (58) and stably
transformed into the YCN line. The Δaip1 line was generated as de-
scribed (61), with the exception that the neomycin resistance cassette
was incorporated into the knock-out construct and G418 was used for
selection.

Growth Assays. For LaCl3 treatments, LaCl3 was added to water agar after
autoclaving to achieve the final concentration described in the text. Four-
day-old regenerated protoplasts were transferred to the media containing
LaCl3 and were imaged on the seventh day. Plants were visually screened by
chlorophyll autofluorescence. For RNAi of ACA genes we used a method
described previously (32). In short, a 500-bp fragment from each gene was
ligated together via restriction enzyme sites introduced into the PCR primers
(see Table S1). This product was then directionally cloned into the pENTR/D-
TOPO vector (Invitrogen) and sequenced. LR enzyme-mediated site-specific
recombination with the entry clone and an RNAi destination vector (33)
produced the final RNAi expression vector. A moss line stably expressing a
fusion protein of a nuclear localization signal, GFP, and β-glucuronidase
(GUS) was transformed and allowed to regenerate. On the fourth day, the
plants were transferred to hygromycin selection. On the seventh day, plants
were visually screened both by chlorophyll autofluorescence and for the lack
of nuclear GFP-GUS, an indicator of active silencing (33). Area data were
calculated by thresholding the chlorophyll autofluorescence via ImageJ and
measuring the area. Each condition was then normalized to the RNAi control
(GUS silencing). For both growth assays all images were taken with a Leica
MZ 16 FA microscope equipped with a PlanAPO 1.0× objective and a Leica
DFC 300FX camera. Image analysis was perfomed with ImageJ.

Growth in Microfluidic Chambers. Microfabricated PDMS microfluidic cham-
bers were designed and built in collaboration with John Oakey at the
University of Wyoming and described in detail previously (44). Seven-day-old
protonemal tissue was gently homogenized by pipetting up and down and
then loaded into the chamber, which was flooded with liquid Hoagland’s
media [4 mM KNO3/2 mM KH2PO4/1 mM Ca(NO3)2/89 μM Fe citrate/300 μM
MgSO4/9.93 μM H3BO3/220 nM CuSO4/1.966 μM MnCl2/231 nM CoCl2/191 nM
ZnSO4/169 nM KI/103 nM Na2MoO4]. For LaCl3 treatment the nutritional
media was replaced with water a day before imaging and was refreshed
three times to dilute anything that might precipitate out with the LaCl3.

Confocal Imaging and Image Analysis. YCN and Lifeact-mRuby images were ac-
quiredat theNikonCenterof Excellenceat theUniversityofMassachusettsAmherst.
Specifically, a Nikon A1R confocal with a resonance scanner was utilized for all
imaging. YCN was excited via 445-nm laser and mRuby was excited via a 561-nm
laser. The A1R is equipped with a triple dichroic mirror, allowing for the simulta-
neous acquisition of YCNandmRuby emission.With this dichroicwe collected three
ranges of emitted light: 465–505 nm (CFP), 525–550 nm (YFP), and 570+ nm
(mRuby). The RatioPlus plugin for ImageJ was used to generate ratiometric
images, with the “Blue Green Red” lookup table provided by the NucMed
plugin used to color the images, described in full detail in ref. 75. For WT
and LatB experiments we acquired images every 5 s to balance between
temporal resolution and photodamage to the fluorophores. Δaip1 lines
required 10 s between each acquisition. Each single focal plane time lapse
was registered via StackReg plugin with the Rigid Body transformation so
that a fixed ROI could be drawn over the apical region.

Wavelet and EMD. For thewavelet analysis the calcium ratio signal in a 4-μm-wide
slice across the cell between 4 and 8 μm distal to the cell tip was averaged at each
time point. After lightly smoothing to remove very-high-frequency noise (single
sample noise, 5- to 10-s period) time courses were analyzed using the Wave-
letComp package in R, with default settings. For the EMD we used the R package
Rlibeemd, utilizing the ceemdan and coredata functions.

Cross-Correlation Analysis. To quantify calcium–actin correlation through
time we conducted a cross-correlation analysis. A ROI was drawn over

the apex of a registered cell. For each frame of the ratiometric data we
measured the mean intensity of this ROI. To quantify the apical actin
spot we took two approaches. For the maximum intensity we used the
same ROI used to measure the mean intensity of the ratiometric data
and found the maximum intensity of Lifeact-mRuby within that ROI. For
area a cropped region of apex was thresholded such that each frame had
a single shape to measure. Both ratio and actin spot data were imported
into R, lightly smoothed, and subjected to cross-correlation analysis (CCF
function), with default settings.

Curvature Determination. Tomeasure the curvature of the cell tip we first used
ImageJ to crop and rotate the fluorescentmovies such that the cells were seen
to grow horizontally left to right. We then used ImageJ to segment all in-
dividual fluorescent images using the Thresholding tool. The interior of each
cell became black on a white background and we manually filled all “holes”
in the cell image and then used the Find Edges tool (Sobel) followed by the
Binary Skeletonize tool to create an outline of single black pixels. We used
the Analyze Tools Save XY Coordinates tool to create a text file listing all
edge xy coordinates for each frame of the video. Using a custom script in R
the edge coordinates for each frame were first sorted in order from be-
ginning (lower left corner) to end (top left corner) and the distance from
point to point was tallied, creating a linear coordinate S along the edge. We
sampled the edge in a moving window of 13 points, fitting a smooth spline
and calculating the derivatives at each point. Curvature at each point was
then calculated as

Κ=
jf}ðxÞj

�
1+ ½f ’ðxÞ�2

�3
2

.

Analysis of Curvature Pattern. Curvature along the edge of a spheroidal cell
tip creates a characteristic pattern as the shape changes from prolate, typical
for a normal growing protonemata, to oblate as the end of the cell en-
counters an obstacle. A prolate cell shows a single curvature maximum ap-
proximately along the central growth axis. As the tip flattens a “valley” of
reduced curvature appears along the central axis and two curvature maxima
appear further back from the tip, growing in size and in distance from one
another as the tip flattens. Notably, as moss protonemata encounter a
barrier one “shoulder” of the cell eventually becomes more curved than the
other, perhaps indicating a reorientation of growth to a new direction,
around the barrier. For this analysis we show the curvature of the tip as the
curvature of the “valley.”

Expansion Rate Determination and Analysis. For control, LatB-treated, and
Δaip1 cells we measured the distance the tip traveled during the acquisition.
This was done parallel to the growth axis of the cell or, in the case of LatB-
treated cells, the growth axis of the cell before treatment. Growth rate was
calculated by dividing the length of this line in microns by time.

For collision cells, expansion does not readily occur in the direction of
the growth axis, but rather swelling occurs along a different axis. Because
cells are roughly radially symmetrical, we assumed that measuring the
area of a single optical slice would be an appropriate proxy for the
volume of the cell. As such, a tight cropping of the apical region was
taken, as this was the only part of the cell that changed shape. Time-lapse
YCNmovies were thresholded to exclude the background, and the ImageJ
Analyze Particles tool was used to measure the thresholded area in each
frame with the option to “Include Holes.” In this way, the whole apical
region was considered one particle, and the organelles not containing
the calcium probe (e.g., vacuole and plastids) were included. To analyze
these data they were imported into R and smoothed via the smooth.
spline function. The first derivative of the smoothed time series was
calculated via the predict function.
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