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Abstract
Main conclusion Exogenous BAP but not 2iP disrupts actin structures and induces tip-growth retardation and 
cytokinesis failure in the moss Physcomitrium patens.

Abstract Synthetic cytokinins have been widely used to address hormonal responses during plant development. However, 
exogenous cytokinins can cause a variety of cellular effects. A detailed characterization of such effects has not been well 
studied. Here, using Physcomitrium patens as a model, we show that the aromatic cytokinin 6-benzylaminopurine (BAP) 
inhibits tip growth at concentrations above 0.2 µM. At higher concentrations (0.6–1 µM), BAP can additionally block mitotic 
entry and induce cytokinesis defects and cell death. These effects are associated with altered actin dynamics and structures. 
By contrast, 2-isopentenyladenine (2iP) does not cause marked defects at various concentrations up to 10 µM, while t-zeatin 
(tZ) can moderately inhibit moss growth. Our results provide mechanistic insight into the inhibitory effects of BAP on cell 
growth and cell division and call for attention to the use of synthetic cytokinins for bioassays.
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Abbreviations
BAP  6-Benzylaminopurine
2iP  2-Isopentenyladenine
tZ  T-Zeatin
ROP  Rho of plants

Introduction

Cytokinins are phytohormones discovered for their ability 
to promote cell division and regulate plant development 
(Wybouw and De Rybel 2019). Shortly after its discovery, 
cytokinins are found to specifically induce gametophore bud 
formation in the moss Tortella caespitosa (Bert and Robert 
1957). Since then, synthetic cytokinins such as 6-benzylami-
nopurine (BAP, also known as 6-benzyladenine or BA) have 

been commonly used to study shoot development in mosses 
(Brandes and Kende 1968; Ashton et al. 1979). The effect of 
cytokinins varies depending on the concentration and chemi-
cal form (Szweykowska et al. 1969, 1971; Szweykowska and 
Korcz 1972). A low concentration of cytokinin promotes cell 
division, while a high concentration usually leads to reduced 
activity and retarded cell growth (Szweykowska et al. 1969, 
1971; Szweykowska and Korcz 1972; Ashton et al. 1979; 
Thelander et al. 2005). The cytokinin signaling pathways 
have been extensively studied in seed plants and some of the 
key components are also characterized in mosses (Wybouw 
and De Rybel 2019; Guillory and Bonhomme 2021). How-
ever, how exogenous cytokinins affect cell growth and cell 
division remains poorly understood. In this study, we have 
carefully characterized the effects of exogenous BAP on cell 
growth and cell division in P. patens. We show that BAP 
could inhibit tip growth and cytokinesis by altering actin 
structures and dynamics, while 2-isopentenyladenine (2iP, 
also known as iP, IPA, or  i6Ade) and t-zeatin (tZ) exhibit 
little and moderate effects on cell growth and moss develop-
ment, respectively.
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Materials and methods

Strains and growth conditions

All strains used in this study originated from the Grans-
den ecotype of Physcomitrium patens (Ashton et al. 1979). 
Plants were routinely cultured at 25 °C on BCDAT plates 
under continuous light. For live-cell imaging, protonemata 
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were inoculated on a thin layer of solid BCD medium in 
6-well or 35-mm dishes and cultured for 5–7  days as 
described before (Miki et al. 2016; Yamada et al. 2016).

Chemical treatment

For low-magnification imaging, the BCD medium surround-
ing the protonemata was carefully removed. Subsequently, 
500 µL of liquid BCD solution containing the desired 
concentration of DMSO (control), BAP, or 2iP was added 
directly to the plants. Imaging was performed immediately 
after chemical addition. For transient treatment, the BCD 
medium surrounding the protonemata was not removed. 
Instead, 200 µL of liquid BCD medium containing DMSO 
or 1 µM BAP/2iP was directly added to the plants. After 
keeping the samples at room temperature for five or ten min-
utes, the liquid solution was carefully removed and the imag-
ing was performed. For high-resolution imaging, 1 mL of 
 ddH2O was added to the plants and kept at room temperature 
for 30 min to equilibrate the medium. After that, the samples 
were imaged. When the cells developed to the desired stage, 
200 µL of liquid BCD medium containing DMSO or 1 µM 
BAP was added to the plants. For FM4-64 staining, 100 µL 
of  ddH2O containing 5 µM FM4-64 was added to the plants 
and kept in the dark for 30 min. After that, the FM4-64 
solution was removed and the imaging was started. Colony 
growth assays were performed by inoculating small pieces 
of protonemata of similar sizes on BCDAT plates. After six 
days of culture, each colony was added with 50 µL of  ddH2O 

containing 0, 1, 5, or 10 µM t-zeatin or 2iP and cultured for 
another 12 days.

Live‑cell imaging

For low-magnification imaging, a Nikon TE2000-E micro-
scope equipped with a 10 × 0.45-NA lens, a Zyla 4.2P 
CMOS camera (Andor), and a Nikon Intensilight Epi-flu-
orescence Illuminator was used. Images were taken at an 
interval of 10 min with in-between white light. For high-res-
olution imaging, the imaging system consisted of a Nikon Ti 
microscope, a CSU-X1 spinning disk confocal scanner unit 
(Yokogawa), an EMCCD camera (ImagEM, Hamamatsu), a 
60 × 1.2-NA or 100 × 1.45-NA lens, and 561-nm and 488-nm 
laser lines (LDSYS-488/561-50-YHQSP3, Pneum). Images 
were taken at an interval of one or two minutes for moni-
toring tip growth and mitosis and at an interval of 0.5 s for 
imaging actin dynamics.

Image processing and data analyses

All the images were processed and measured for quantifica-
tion using the Fiji software (https:// imagej. net/ softw are/ fiji/) 
(Schindelin et al. 2012). The correlation coefficient of actin 
localization was analyzed with the CorrelationJ 1o plugin 
in the fixed slide mode. The size of local region was set to 
three and the statistic to correlate was Average. Statistical 
analyses were performed using the unpaired Student’s t test. 
The sample size (n) has been indicated in the main text or 
figure legends where necessary.

Results

Exogeneous BAP inhibits tip growth 
in a dose‑dependent manner

To investigate the cellular effects of cytokinins in mosses, we 
focused on BAP, one of the most commonly used cytokinins. 
We performed long-term time-lapse imaging of protonema 
cells of a P. patens transgenic line under a low-magnification 
epi-fluorescence microscope following the previous protocol 
(Miki et al. 2016) with minor modifications (see “Materials 
and methods”). This transgenic line carries green fluorescent 
protein-tagged tubulin (GFP-tubulin) and red fluorescent 
protein-tagged histone (H2B-RFP) reporters, which label the 
entire cell and nucleus, respectively, and allow us to simul-
taneously visualize cell growth and cell division. As shown 
in Fig. 1a and Video S1, in the control experiments (DMSO 
treatment), caulonema tip cells could rapidly elongate and 
grew at a speed of 11–18 µm/h. The growth rate was com-
parable to non-treated cells observed in our previous report 
(Yi and Goshima 2020). Therefore, under these conditions, 

Fig. 1  Exogenous BAP inhibits tip growth in the moss Physcomi-
trium patens. a–c The tip growth of caulonema cells treated with 
DMSO (control) or BAP. Cells are labeled with GFP-tubulin (green) 
and H2B-RFP (red). The corresponding kymographs of each cell 
are shown below. Time is shown in hours (h). Arrows indicate cell 
division. Scale: image = 100  µm; Kymograph = 50  µm (horizontal) 
and 5  h (vertical). d Quantification of the growth rate of tip cells. 
At each concentration, the growth rate of BAP-treated cells was 
normalized to a parallel control. Boxes with whiskers (min to max) 
show the interquartile range. Median and mean values are indicated 
by the crossline and ‘‘+,’’ respectively. The number of cells for 
quantification is shown above the plot. Statistical analyses are per-
formed using unpaired t tests. ns, not significant; ****, P < 0.0001. 
e Nuclear migration (left), cytokinesis (middle), and cell death 
(right) in cells treated with 0.6 µM BAP. Arrows indicate cytokine-
sis failure (middle) and cell death (right) in the above images. Scale: 
image = 100 µm; Kymograph = 50 µm (horizontal) and 5 h (vertical). 
f The localization of actin (magenta) and ROP4 (green) in a tip cell 
treated with 1 µM BAP. Time is shown in minutes (min). Stars indi-
cate the apical membrane. Arrows show puncta-like structures. Note 
that actin accumulation at the tip was abolished, while the membrane 
localization of ROP4 was increased. Scale: 10 µm. g Overlaid images 
of F-actin localization in the control (DMSO) and BAP-treated 
cells over time. Green, 0  s; magenta, 25  s. Scale: 10 µm. h Quanti-
fication of time-course correlation coefficients for F-actin dynamics. 
Mean ± SE; DMSO (n = 13 cells); BAP (n = 11 cells)

◂

https://imagej.net/software/fiji/
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protonema development was not influenced. At 0.2 µM, BAP 
did not affect tip growth and cell division (Fig. 1d). How-
ever, treatment with 0.3 µM BAP significantly suppressed tip 
growth and reduced the growth rate to ~ 50% of control cells 
(Fig. 1b, d, Video S2). At 0.4 µM, tip growth was almost 
completely blocked (Fig. 1c, d, Video S3). When 0.6 µM 
BAP was applied, additional phenotypes including irregular 
nuclear movement, cytokinesis failure, and abrupt cell death 
were observed (Fig. 1e, Videos S4–S6). At 1 µM, 90% of 
the tip cells died within 6 h (n = 31). These data indicate 
that exogenous BAP can potently inhibit tip growth and cell 
division in a dose-dependent manner.

To further verify the inhibitory effects of BAP, we con-
ducted a transient treatment experiment. Gel-supported 
protonema cells were treated with 200 µL of 1 µM BAP 
for five or ten min. As shown in Fig. S1a, tip cells were 
strongly inhibited immediately following treatment. 7–12 h 
later, the tip growth was largely resumed (Fig. S1c). Quan-
tification analyses revealed prolonged inhibitory effects by 
10-min treatment (Fig. S1d). In addition to tip cells, we also 
observed cytokinesis failure and the lack of a bulge during 
the division of subapical cells (Fig. S1b). In bulge-defective 
cells, the position of the nucleus and the division plane was 
displaced. This phenotype resembles the observation in the 
actin-depleted cells and rop mutants and supports our pre-
vious finding that bulge formation is essential for nuclear 
migration and asymmetric division (Yi and Goshima 2020). 
Hence, exogenous BAP inhibits polarized tip growth without 
cell specificity.

BAP disrupts actin structures and influences actin 
dynamics

The Rho-of-plants (ROP) GTPases and actin filaments 
(F-actins) are master regulators of tip growth in mosses 
(Burkart et al. 2015; Cheng et al. 2020; Yi and Goshima 
2020). To ask how BAP may inhibit tip growth, we exam-
ined the localization of endogenous ROP4 fused with an 
N-terminal mNeonGreen and actins visualized by a Lifeact-
mCherry reporter (Yi and Goshima 2020). Before treatment, 
ROP4 and F-actins displayed polar localization on the api-
cal membrane and in the cytoplasm, respectively (Cheng 
et al. 2020; Yi and Goshima 2020). When 1 µM BAP was 
added, F-actin accumulation was immediately abolished 
(Fig. 1f, Video S7). Actins turned into puncta-like struc-
tures throughout the cytoplasm. This phenotype is highly 
reminiscent of that observed by Latrunculin B treatment 
(Vidali et al. 2009). Correlation analyses of residual cortical 
F-actins over time showed a reduced dynamicity (Fig. 1g, h, 
Videos S8-S9). Hence, BAP may disrupt actin structures by 
inhibiting actin polymerization and dynamics. In contrast, 
the membrane localization of ROP4 was not reduced but 
was enhanced. Concurrently, the apical membrane expanded 

laterally and the tip growth was retarded (Fig. 1f, Video 
S7). A similar phenotype was also observed in subapical 
cells (Fig. S1e). In a previous report, N-terminal tagging was 
found to severely impact ROP function and this effect could 
be avoided using an internal tag (Cheng et al. 2020). How-
ever, our previous rescue experiments suggest that N-ter-
minally tagged ROP4 is at least partially functional (Yi and 
Goshima 2020). More importantly, the N-terminally tagged 
ROP4 displays a similar localization pattern to the inter-
nally tagged version, though its membrane-labeled region 
is relatively expanded (Cheng et al. 2020; Yi and Goshima 
2020). These facts suggest that N-terminal tagging could 
largely reveal the correct distribution of ROPs and the BAP-
induced increase of ROP4 membrane localization should not 
be artifacts. Together, our results indicate that exogenous 
BAP attenuates tip growth via altering actin structures and 
dynamics but not disrupting ROP recruitment.

2iP has little or no effects on cell growth and moss 
development, while t‑zeatin can moderately inhibit 
moss growth

To test whether the observed phenotypes can be induced 
by other cytokinins, we investigated the effects of 2iP with 
transient treatment. Surprisingly, under the same condi-
tions, 1 µM 2iP did not cause any defects in tip growth or 
division (Fig. S1c and S1d). As the activity of cytokinin 
can be different depending on its chemical form (Szw-
eykowska et al. 1969, 1971; Szweykowska and Korcz 1972; 
von Schwartzenberg et al. 2007), we performed growth 
assays to assess whether a higher concentration of 2iP, as 
well as tZ, could impact cell growth and moss development. 
As shown in Fig. S2, 2iP exhibited little or no effects on 
colony growth at various concentrations up to 10 µM. By 
contrast, tZ could moderately inhibit moss development. 
These results indicate that synthetic cytokinins BAP and 
tZ could inhibit cell growth to varying degrees, while the 
natural cytokinin 2iP does not at least at a concentration of 
1–10 µM. Such a difference is unlikely due to a lower sensi-
tivity of 2iP to cytokinin receptors because 2iP can induce 
gametophore formation more efficiently than BAP and tZ in 
various moss species (Szweykowska et al. 1969, 1972; von 
Schwartzenberg et al. 2007). Moreover, 2iP displays a higher 
binding affinity to moss cytokinin receptors than BAP and 
tZ (Lomin et al. 2021), which is different from that observed 
in Arabidopsis (Romanov et al. 2006). The different effects 
of 2iP, tZ, and BAP may also not result from the selective 
binding of distinct receptors because mutant analyses have 
demonstrated overlapping functions of the three canonical 
cytokinin receptors in P. patens in response to 2iP, tZ, and 
BAP (von Schwartzenberg et al. 2016), although the involve-
ment of other noncanonical receptors cannot be completely 
excluded (Gruhn et al. 2014). Alternatively, the metabolic 
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properties of 2iP, BAP, and tZ could play an important role. 
For example, iP-type cytokinins are efficiently secreted into 
the extracellular matrix and can be rapidly degraded by cyto-
kinin oxidases, while both BA and tZ-type cytokinins are 
relatively stable and display a lower rate of export (Schulz 
et al. 2000; von Schwartzenberg et al. 2007). Hence, BAP 
and tZ may produce prolonged effects in cells and contribute 
to the observed phenotypes. Most importantly, these results 
suggest that iP-type cytokinins are optimal for gametophore 
bud induction with minimal side effects in mosses.

BAP induces cell cycle arrest and cytokinesis failure 
at a high concentration

Our results suggest that BAP could inhibit cell division 
when its concentration is > 0.4 µM (Fig. 1e, Video S5). 
To investigate the underlying cellular mechanism, we per-
formed high-resolution time-lapse imaging in cells treated 
with 1 µM BAP. Interestingly, the application of BAP 
before nuclear envelope breakdown (NEB) completely 
blocked mitotic entry. When BAP was added immediately 
after NEB, mitosis could proceed, but the cytokinesis 
failed. In these cells, the actin-marked phragmoplast and 
ROP4-labeled cell plate were not observed or could not 
extend to fuse with the parental membrane. Consequently, 
the daughter nuclei moved back to the cell center, which 
is a typical sign of cytokinesis failure (Fig. 2a, Videos 
S10–S11). To further visualize phragmoplast and cell 
plate assembly, we applied the lipophilic dye FM4-64 to 
the GFP-tubulin and H2B-RFP line. As shown in Fig. 2b, 
BAP did not block the formation of mitotic spindle and 
phragmoplast. The delivery of vesicles to the cell plate 
was also normal. However, the structure of phragmoplast 
could not be properly maintained and was disrupted in the 
central or peripheral regions, leading to fragmented cell 
plates (Fig. 2b, Video S12). Subsequently, the FM4-64 
labeled membrane structures were degraded. To quantify 
how actin and MTs were affected, we compared the fluo-
rescence intensity profile of Lifeact-mCherry and GFP-
tubulin in normally dividing and cytokinesis-failed cells 
at the phragmoplast region when phragmoplast assembly 
was initiated. Surprisingly, no difference was observed in 
the intensity distribution of either actin or MT (Fig. 2c–e). 
However, among the four cytokinesis-failed cells, two did 
not form an actin-labeled phragmoplast (Fig. 2a) and the 
others assembled a phragmoplast that did not extend or 
fuse with the parental cell membrane. Instead, all cytoki-
nesis-failed cells assembled MT-labeled phragmoplasts 
but could not maintain their structures (Fig. 2b). These 
results suggest that BAP inhibits cytokinesis by disrupting 
the assembly of actin structures on the phragmoplast and 
may not affect the actin pool and MT assembly. In support 
of this notion, a rapid loss of actin accumulation was also 

observed in BAP-treated tip cells (Fig. 1f). Excess cyto-
kinins have been well known to exhibit reduced activity in 
stimulating cell division (Szweykowska et al. 1971; Uzelac 
et al. 2012). In flowering plants, this phenomenon has been 
attributed to defects in the G1/S and G2/M transition of the 
cell cycle (Schaller et al. 2014). Our results indicate that a 
high concentration of BAP can additionally inhibit mitotic 
entry and cytokinesis, thus providing new insight into the 
mechanism of decreased cytokinin activity.

Discussion

In conclusion, we have shown that exogenous BAP can 
potently inhibit tip growth and cell division in the moss 
P. patens. The cellular defects are linked to altered actin 
dynamics and structures. Although non-specific cytotoxic 
effects of excess BAP may be in part responsible for the 
observed phenotypes, the dose-dependency also suggests 
potential interactions between cytokinins and actin dur-
ing normal development. In mosses, gametophore buds 
are derived from side-branch initials which convert their 
growth from a tip-focused form to a diffusive pattern after 
cytokinin treatment (Bopp 1984). This phenomenon can be 
reversed by cytokinin removal (Brandes and Kende 1968). 
As tip growth largely depends on a focused actin network 
(Orr et al. 2020), it is likely that cytokinins negatively 
regulate actin assembly to promote the transition from 
tip growth to diffusive growth. However, with a strong 
effect, synthetic cytokinins such as BAP and tZ could lead 
to irreversible growth inhibition, cytokinesis failure, and 
even cell death. Such effects are not induced by natural 
cytokinins such as 2iP presumably due to their high turn-
over rate and mobility. Additionally, cytokinin-induced 
growth phenotypes can be suppressed through genetic 
manipulation (for example, in auxin-related mutants) 
(Ashton et al. 1979; Prigge et al. 2010), implying that the 
inhibitory effects caused by cytokinins are under genetic 
control. Moreover, cytokinin-induced gametophore forma-
tion is blocked in mutants of the ARPC1 subunit of actin 
nucleator ARP2/3 complex (Harries et al. 2005). Thus, 
cytokinin signaling can genetically interact with actin 
regulation in vivo. In flowering plants, cytokinins also 
alter actin organization during root cell elongation and 
defense response (Kushwah et al. 2011; Takatsuka et al. 
2018; Pizarro et al. 2021). Hence, the regulation of actin 
by cytokinins might be conserved across the land plant 
lineage.

Author contribution statement PY conceived the project and 
wrote the manuscript. JR and PY performed the experiments 
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Fig. 2  A high concentration of BAP causes cytokinetic defects. a 
Mitotic division of caulonema tip cells with (right) or without (left) 
BAP treatment. Cells are marked with mNeonGreen-ROP4 (green) 
and Lifeact-mCherry (magenta). The nucleus is indicated with 
dashed circles. Arrows show the position of a normal (left) or puta-
tive (right) cell plate in the control and BAP-treated cells, respec-
tively. Note that ROP4 and actin localization is absent in BAP-treated 
cells. NEB, nuclear envelope breakdown. Time is shown in minutes 
(min). Scale: 10 µm. b Phragmoplast assembly and vesicle delivery 
in dividing caulonema tip cells treated with 1  µM BAP. Cells are 
marked with GFP-tubulin (green), H2B-RFP, and FM4-64 (magenta). 
Two representative cells are shown. Arrows indicate the corruption of 

phragmoplast and cell plate at the middle (left) or peripheral (right) 
regions. Note that the FM4-64-labeled cell plate was eventually 
degraded after cytokinesis failure (right). Time is shown in minutes 
(min). Scale: 10 µm. c Schematic illustration for the measurement of 
fluorescence intensity along the phragmoplast expanding direction. 
A rectangular region covering the entire initiated phragmoplast was 
drawn and the cell width was scaled to 100. Fluorescence intensity 
was plotted along the cell width. d Intensity plot of actin in normally 
(n = 3) dividing and cytokinesis-failed (n = 4) cells. e Intensity plot of 
MT in normally (n = 3) dividing and cytokinesis-failed (n = 4) cells. 
Mean ± SE in d and e 
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