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Abstract
Main conclusion SL inhibited adventitious shoot formation of ipecac, whereas the SL-related inhibitors pro-
moted adventitious shoot formation. SL-related inhibitors might be useful as new plant growth regulators for plant 
propagation.

Abstract In most plant species, phytohormones are required to induce adventitious shoots for propagating economically 
important crops and regenerating transgenic plants. In ipecac (Carapichea ipecacuanha (Brot.) L. Andersson), however, 
adventitious shoots can be formed without phytohormone treatment. Here we evaluated the effects of GR24 (a synthetic 
strigolactone, SL), SL biosynthetic inhibitors, and an SL antagonist on adventitious shoot formation during tissue culture 
of ipecac. We found that exogenously applied GR24 suppressed indole-3-acetic acid transport in internodal segments and 
decreased the number of adventitious shoots formed; in addition, the distribution of adventitious shoots changed from 
the apical to middle region of the internodal segments. In contrast, the SL-related inhibitors promoted adventitious shoot 
formation on both apical and middle regions of the segments. In particular, SL antagonist treatment increased endogenous 
cytokinin levels and induced multiple shoot development. These results indicate that SL inhibits adventitious shoot forma-
tion in ipecac. In ipecac, one of the shoots in each internodal segment becomes dominant and auxin derived from that shoot 
suppresses the other shoot growth. Here, this dominance was overcome by application of SL-related inhibitors. Therefore, 
SL-related inhibitors might be useful as new plant growth regulators to improve the efficiency of plant propagation in vitro.

Keywords Auxin · Carapichea ipecacuanha · Cytokinin · GR24 (synthetic SL analog) · KK094 (strigolactone antagonist) · 
KK5 and TIS108 (strigolactone biosynthetic inhibitors) · Phytohormones

Abbreviations
CK  Cytokinin
iPR  Isopentenyl adenine riboside

SL  Strigolactone
tZ  Trans-zeatin
tZR  Trans-zeatin riboside

Introduction

Plant tissue culture is the aseptic culture of cells, tissues, 
or organs under defined physicochemical conditions, and 
is an important tool in basic and applied research and com-
mercial applications (Thorpe 2007). Thus, many researchers 
have attempted to increase propagation efficiency in plant 
tissue culture (Gahan and George 2008). The wide use of 
tissue culture has promoted the vegetative propagation of 
plants. Nowadays, tissue culture techniques are indispensa-
ble for production of disease-free plants, propagation of rare 
plants, genetic transformation in plants, and production of 
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commercially important plants in vitro (Espinosa-Leal et al. 
2018). In general, the formation of de novo organs requires 
exogenous application of phytohormones, such as auxin and 
cytokinin (CK), which are added to the culture media. The 
balance of phytohormones applied affects organogenesis: a 
high ratio of auxin to CK induces roots, whereas a low ratio 
induces shoots, and a high concentration of both hormones 
induces callus in tobacco (Nicotiana tabacum L.) (Skoog 
and Miller 1957). This morphogenic model operates in vari-
ous plant species (Evans et al. 1981).

Ipecac (Carapichea ipecacuanha (Brot.) L. Andersson) 
is a medicinal plant that grows in the tropical rainforests of 
Costa Rica, Nicaragua, Panama, and Brazil. It produces alka-
loids, such as emetine and cephaeline, in its roots (Trease 
and Evans 1989); these compounds are used as expectorants, 
emetics, and amebicides (Chatterjee et al. 1982). In ipecac, 
adventitious shoots can be induced on internodal segments 
without exogenous application of phytohormones (Yoshi-
matsu and Shimomura 1991). Therefore, it is easy to study 
the effects of endogenous phytohormones during adventi-
tious shoot formation using tissue culture in this species. 
In addition, it is possible to evaluate the direct effects of 
exogenously applied chemicals. Previously, we analyzed the 
relationship between adventitious shoot formation and the 
dynamics of endogenous auxin (IAA) and CKs in ipecac 
(Koike et al. 2017). Adventitious shoots were locally formed 
on the apical region of internodal segments, whereas IAA 
accumulated in the basal region and CKs were distributed 
throughout the segment. These results indicated a negative 
correlation between the position of adventitious shoot for-
mation and IAA distribution. We hypothesized that the IAA 
in the apical region of the internodal segments is maintained 
at a low concentration appropriate for adventitious shoot 
formation by auxin efflux. To explore this hypothesis, we 
evaluated the effects of polar auxin transport inhibitors on 
the position of adventitious shoot formation (Koike et al. 
2020). The inhibitors changed the main sites of shoot for-
mation from the apical region to the middle region of the 
internodal segments, and decreased the levels of endogenous 
IAA accumulated in the basal region of the internodal seg-
ments, suggesting that polar auxin transport from the apical 
to basal region, at least in part, determines the position of 
adventitious shoot formation on internodal segments.

Apical dominance is another phenomenon controlled by 
polar auxin transport in the stem (Ongaro and Leyser 2008; 
Domagalska and Leyser 2011). The main shoot apex clearly 
exerts an inhibitory effect on the outgrowth of axillary buds 
because removing the apex leads to activation of the axillary 
buds. Auxin is produced in the shoot apex and moves into 
the stem basipetally (Snow 1929). When auxin is applied 
to the top of decapitated plants, it mimics the effect of the 
presence of the shoot apex (Thimann and Skoog 1933). 
In ipecac, one adventitious shoot becomes dominant and 

removal of this shoot triggers other shoot growth (Koike 
et al. 2017). Application of auxin to the cut surface after 
removal of the dominant shoot strongly inhibits this shoot 
outgrowth (Koike et al. 2020). These results indicate that 
auxin flow from a dominant shoot suppresses other shoot 
growth, as is the case in apical dominance. Auxin interacts 
with other phytohormones and controls the production of the 
phytohormones involved in the regulation of shoot branch-
ing. For instance, auxin decreases expression of isopentenyl 
transferase, inhibiting the biosynthesis of CKs that promote 
axillary bud outgrowth, and auxin stimulates strigolactone 
(SL) biosynthesis (Beveridge et al. 2000; Foo et al. 2005; 
Tanaka et al. 2006; Ferguson and Beveridge 2009). In 2008, 
SLs were discovered as a class of phytohormones that inhibit 
shoot branching (Gomez-Roldan et al. 2008; Umehara et al. 
2008). SLs have multiple functions in plant development 
and growth, controlling secondary growth of the stem, root 
architecture, internode elongation, and leaf senescence 
(Agusti et al. 2011; Kapulnik et al. 2011; Ruyter-Spira et al. 
2011; de Saint Germain et al. 2013; Yamada et al. 2014). 
Although SLs are known to suppress adventitious root for-
mation in Arabidopsis and pea (Rasmussen et al. 2012) and 
adventitious shoot formation in Zantedeschia (Manandhar 
et al. 2018), the effect of SLs on de novo organogenesis is 
poorly understood. Furthermore, the biological activities of 
SLs in plant tissue culture have not been explored.

GR24, a synthetic SL analog (Mangnus et al. 1992), 
is widely used to analyze the physiological roles of SLs. 
Inhibitors of SL biosynthesis and signaling are useful tools 
for analysis of SL functions. Two SL biosynthetic inhibi-
tors, TIS108 and KK5, suppress SL production in roots 
and increase the number of branches (Ito et al. 2011, 2013; 
Kawada et al. 2019) in Arabidopsis and rice. In addition, 
an SL antagonist, KK094, binds to an SL receptor and 
enhances tiller bud outgrowth in rice (Nakamura et al. 2019). 
Here, to evaluate the effects of SLs on adventitious shoot 
formation of ipecac, we treated internodal segments with 
GR24, TIS108, KK5, or KK094 and counted the number 
of shoots formed. We also noted the positions of the shoots 
on each internodal segment (apical region, basal region, or 
in between).

Materials and methods

Plant materials and culture conditions

The ipecac culture system was established by Prof. Shi-
momura (Yoshimatsu and Shimomura 1991) and has been 
maintained at Toyo University. Sterile plants were propa-
gated from shoot tips, nodes, and internodes. To induce 
adventitious shoots, internodal segments (5 mm) were cut 
and placed horizontally on 25 ml of phytohormone-free B5 
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culture medium (Gamborg et al. 1968) solidified with 0.2% 
Gelrite in a Petri dish (internal diameter, 90 mm; height, 
20 mm) and cultured at 24 °C under a 14-h light/10-h dark 
photoperiod (13–17 μmol photons  m−2  s−1). The number 
of adventitious shoots with length greater than 0.3 mm 
formed on each internodal segment was counted under a 
digital microscope (DHS1000; Leica Microsystems, Wet-
zlar, Germany).

Chemical treatment

GR24 was purchased from Chiralix (Nijmegen, Nether-
lands). TIS108, KK5, and KK094 were synthesized as 
described in Ito et al. (2011), Kawada et al. (2019), and 
Nakamura et al. (2019), respectively. GR24, TIS108, KK5, 
and KK094 were dissolved in acetone to prepare 100 mM 
stocks and stored at – 30 °C. To estimate the effective con-
centrations of TIS108 and KK094, each chemical was pre-
liminarily tested at 0.1, 1, 10, 20, 50, and 100 µM (data not 
shown). KK5 was also tested at 0.1, 1, 10, 20, and 100 µM 
(data not shown). The chemicals were mixed with autoclaved 
B5 culture medium to treat the internodal segments.

IAA and trans-zeatin riboside (tZR) were purchased from 
Wako Pure Chemical Industry (Osaka, Japan). 2iP and trans-
zeatin (tZ) were purchased from Sigma (St. Louis, MO, 
USA). Kinetin and isopentenyl adenine riboside (iPR) were 
purchased from Kanto Chemical (Tokyo, Japan). Deuterium-
labeled phytohormones  (D5-IAA,  D5-tZ,  D5-tZR,  D6-2iP, 
and  D6-iPR) were purchased from OlChemIm (Olomouc, 
Czech Republic) for use as internal standards. Kinetin was 
dissolved in alkaline water to prepare 10 mM stock and 
stored at 4 °C. Other phytohormones were dissolved in 
acetonitrile to prepare 100 pg µl−1 stock solutions, which 
were used to generate the standard curves in the LC–MS/
MS analysis.

Extraction and purification of IAA and CKs

Internodal segments were cultured on phytohormone-free B5 
medium (control) or on B5 medium containing 10 µM GR24 
for 1 week. In SL-related inhibitor treatments, internodal 
segments were cultured on B5 medium or on B5 medium 
containing 10 µM TIS108 or 10 µM KK094 for 1, 3, or 5 
weeks. Cultured segments were cut into four sections (api-
cal to basal, I to IV). Each section (ca. 5–16 mg) was placed 
in a 2.0-ml tube with a zirconia bead (diameter, 5 mm) and 
frozen in liquid nitrogen. Frozen samples were crushed by a 
TissueLyser II (Qiagen, Hilden, Germany) and suspended in 
1 ml acetonitrile containing 1% acetic acid; 500 pg  D5-IAA, 
 D5-tZR,  D6-2iP, and  D6-iPR; and 1.5 ng  D5-tZ. The samples 
were incubated for 1 h at 4 °C in darkness and centrifuged 
at 3500×g for 5 min at room temperature. The precipitate 
was washed with 80% (v/v) acetonitrile containing 1% (v/v) 

acetic acid and centrifuged again. Both supernatants were 
combined and 600 µl water containing 1% (v/v) acetic acid 
was added. After acetonitrile in the sample was evaporated 
by nitrogen gas flow, the aqueous sample was loaded onto 
an equilibrated Oasis MCX cartridge column (Waters, Mil-
ford, MA, USA). After the cartridge was washed with 1% 
(v/v) acetic acid, IAA was eluted with 2 ml of 30% (v/v) 
acetonitrile containing 1% (v/v) acetic acid. The column was 
washed with 2 ml of 80% (v/v) acetonitrile containing 1% 
(v/v) acetic acid. CKs were eluted with 2 ml of 60% (v/v) 
acetonitrile containing 5% (v/v)  NH3 in water. All IAA and 
CK fractions were evaporated and stored at − 30 °C until 
LC–MS/MS analysis.

LC–MS/MS analysis

The IAA fraction was dissolved in 20 µl of 10% (v/v) ace-
tonitrile containing 0.5% (v/v) acetic acid, and the CK frac-
tion was dissolved in 20 µl of water containing 1% (v/v) 
acetic acid. For IAA and CK analysis, the samples were 
analyzed by an LC–MS/MS system consisting of a tri-
ple quadrupole mass-spectrometer (3200 QTRAP; Sciex, 
Framingham, MA, USA) and a high-performance liquid 
chromatography system (Prominence; Shimazu, Kyoto, 
Japan) equipped with an Acuity BEH C18 column (diameter, 
2.1 mm; height, 50 mm; Waters), under the control of Ana-
lyst v.1.5.1 spectrometer software (Sciex). Water containing 
0.05% acetic acid and acetonitrile containing 0.05% acetic 
acid were used as the mobile phases for LC. In IAA analysis, 
the mobile phase was increased linearly from 10% (v/v) to 
55% (v/v) acetonitrile by 6 min after injection at a flow rate 
of 0.4 ml  min−1. In CK analysis, the gradient was increased 
linearly from 2% (v/v) to 15% (v/v) acetonitrile over 4 min 
and to 40% (v/v) acetonitrile by 7 min after injection, at a 
flow rate of 0.4 ml  min−1. The temperature of the column 
oven was set at 40 °C. The ion source parameters for IAA 
and CK analyses were as described previously (Koike et al. 
2018). IAA and CKs were quantified on a curve of the ratio 
of each unlabeled to deuterium-labeled standard using Mul-
tiQuant v.2.0.2 software (Sciex).

Statistical analysis

Statistical analysis was carried out with IBM SPSS Statistics 
26.0 software (IBM SPSS Inc., Armonk, NY, USA). Follow-
ing assessment of the equality of variances by F-test, groups 
were compared by Student’s t-test. Following assessment of 
the equality of variances by ANOVA, groups were compared 
by Tukey’s honestly significant difference. P values less than 
0.05 were considered statistically significant. All experi-
ments were carried out as a completely randomized design.
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Results

Effects of exogenously applied SL on adventitious 
shoot formation

To evaluate the effect of exogenously applied SL, we 
added the SL synthetic analog GR24 to the culture 
medium of ipecac internodal segments. After 5 weeks of 
culture, adventitious shoots were mainly formed in the 
apical region of the internodal segments in the control 
samples (no treatment), whereas adventitious shoots were 
formed in the middle region when GR24 was applied 
(Fig. 1a). Adventitious shoot formation was suppressed 
in accordance with GR24 concentration (Fig. 1a, b). The 

average total number of shoots was 11.2 in the control 
samples; this number decreased by 74% to 2.9 in the 10 
µM GR24–treated samples (Fig. 1b). To confirm where 
adventitious shoots were formed on the internodal seg-
ments, we partitioned the segments into four regions (api-
cal to basal regions, I–IV) and counted the shoots in each 
region after 5 weeks of culture (Fig. 1c). There were on 
average 7.9 shoots in region I, 3.3 in region II, and 0.5 
in region III in the control samples, whereas there were 
0.3 in region I, 1.6 in region II, and 0.9 in region III in 
the 10 µM GR24–treated samples; there were no shoots 
in region IV in control or treated samples. Thus, 10 µM 
GR24 treatment decreased the shoot number by about 95% 
in region I, and almost doubled the shoot number in region 
III compared with the control. Simultaneous application 

Fig. 1  Effect of GR24 on 
adventitious shoot formation. a 
Representative images of adven-
titious shoots (arrowheads) on 
internodal segments after 5 
weeks of culture under the indi-
cated conditions. Bar, 2 mm. b 
Number of adventitious shoots 
formed on internodal segments 
treated with GR24. Data are 
means ± SE (n = 3). Eight to 
ten segments were used in each 
experiment. *, †, and # indicate 
P < 0.05 for 0.1, 1 μM, and 10 
μM GR24, respectively, versus 
control (0 μM GR24) (Student’s 
t-test). c Number of adventitious 
shoots in each region (I to IV) 
of the internodal segments after 
5 weeks of culture. Data are 
means ± SE (n = 3). Eight seg-
ments were used in each experi-
ment. *P < 0.05 versus control 
for total number of shoots 
formed (Student’s t-test)
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of GR24 and TIS108 suppressed the stimulatory effects 
of TIS108 on adventitious shoot formation: the number of 
shoots formed decreased to the number in GR24 treatment 
alone (Fig. S1).

In our previous study, endogenous IAA and CK levels in 
internodal segments of ipecac transiently increased after 1 
week of culture (Koike et al. 2017). Here, to investigate the 
effect of SL on endogenous auxin and CKs, we measured 
the endogenous levels of IAA and CKs (tZ, tZR, 2iP, and 
iPR) in regions I–IV after 1 week of culture in the control 
or 10 µM GR24 condition. IAA accumulated predominantly 
in region IV (I–III, ~ 4.9 pg/mg FW; IV, 16.7 pg/mg FW) in 
the control samples. Treatment with 10 µM GR24 signifi-
cantly decreased the IAA level in region IV by about 60% 
(I–III, ~ 3.3 pg/mg FW; IV, 6.4 pg/mg FW) compared with 
the control (Fig. 2). The levels of tZ, tZR, and iPR did not 
differ significantly between the control and GR24-treated 
samples. However, when we treated the internodal segments 
with 10 µM GR24, 2iP levels significantly decreased in 
region I compared with the control (control, 0.66 pg/mg FW; 
10 µM GR24, 0.1 pg/mg FW) and significantly increased in 
region III compared with the control (control, 0.08 pg/mg 
FW; 10 µM GR24, 0.38 pg/mg FW), and iPR levels were 
slightly but significantly increased in regions II and III com-
pared with the control (Fig. 2).

Effect of exogenously applied SL‑related inhibitors 
on adventitious shoot formation

To suppress endogenous SL biosynthesis in the internodal 
segments, we added an SL biosynthetic inhibitor, TIS108, at 
various concentrations (1 to 20 µM) to the culture medium. 
At 8 weeks after treatment with TIS108 at 5, 10, or 20 µM, 
many small shoots were observed on the internodal segments 
(Fig. 3a). When we applied TIS108 at more than 5 µM, the 
total number of adventitious shoots formed was significantly 
increased compared with the control after 6 weeks of cul-
ture, and the number of shoots was further increased to about 
twice that of the control samples after 8 weeks of culture 
(Fig. 3b). Next, we added another SL biosynthetic inhibitor, 
KK5, at 1 to 20 µM to the culture medium and evaluated 
the effect on adventitious shoot formation (Fig. 4a). The 
total number of shoots in 20 µM KK5–treated samples was 
significantly increased compared with the control after 5 
weeks of culture (Fig. 4b). After 8 weeks of culture, the 
shoot number reached about three times that of the control 
samples (Fig. 4b). These results indicate that both TIS108 
and KK5 promoted adventitious shoot formation in ipecac 
internodal segments.

To suppress SL signaling in internodal segments, we 
added an SL antagonist, KK094, at various concentrations 
(1 to 20 µM) to the culture medium (Fig. 5a). When we 
treated with 1 µM KK094, the total number of shoots was 

significantly higher than in the control samples after 4 weeks 
of culture (Fig. 5b), suggesting that shoot proliferation was 
one week earlier than when either of the SL biosynthetic 

Fig. 2  IAA and CK levels in internodal segments treated with GR24. 
Internodal segments were collected after 1 week of culture under the 
indicated conditions. Data are means ± SE (n = 4). Four segments 
were used in each experiment. *P < 0.05 versus control (0 μM GR24) 
(Student’s t-test). n.d., not detected
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inhibitors was applied (Figs. 3b, 4b). The number of shoots 
in the 10 µM KK094–treated samples was significantly 
higher than that in the control samples after 6 weeks of cul-
ture, and reached 1.7 times that of control samples after 8 
weeks of culture (Fig. 5b). The number of shoots formed 
following 20 µM KK094 treatment also tended to be higher 
than that in the control after 8 weeks of culture but the dif-
ference was not statistically significant (Student’s t-test, 

P = 0.051). Overall, the results indicate that KK094 treat-
ment promoted adventitious shoot formation.

Because GR24 treatment changed the main position of 
adventitious shoot formation from regions I and II to regions 
II and III (Fig. 1), we evaluated the shoot positions after 
treatment with SL-related inhibitors. Following TIS108, 
KK5, or KK094 treatment, promotion of adventitious 
shoot formation was observed in regions I, II, and III of the 

Fig. 3  Effect of TIS108 on 
adventitious shoot formation. 
a Representative images of 
adventitious shoots on inter-
nodal segments after 8 weeks 
of culture under the indicated 
conditions. Bar, 2 mm. b 
Number of adventitious shoots 
formed on internodal segments 
treated with TIS108. Data are 
means ± SE (n = 3). Eight to 
ten segments were used in each 
experiment. *, †, and # indicate 
P < 0.05 for 5 μM, 10 μM, and 
20 μM TIS108, respectively, 
versus control (0 μM TIS108) 
(Student’s t-test)
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internodal segments (Fig. 6), suggesting that the main shoot 
position did not change.

Changes in IAA and CK levels after treatment 
with SL‑related inhibitors

To understand how auxin and CK levels changed during 
adventitious shoot formation after treatment with SL-related 
inhibitors, we measured endogenous IAA, tZ, tZR, 2iP, and 
iPR levels by LC–MS/MS after 1, 3, and 5 weeks of culture 
with 10 µM TIS108 or KK094. After 1 week of culture, 
endogenous IAA accumulated predominantly in region IV 
in the control and in the TIS108- and KK094-treated sam-
ples (Fig. 7). In all regions of the internodal segments, there 
were no significant differences between the levels in the 

control and SL-related inhibitor–treated samples. After 3 
weeks of culture, the IAA level in region IV of the TIS108-
treated samples was significantly higher than that in the 
control samples, and after 5 weeks of culture, the IAA level 
in region I of the KK094-treated samples was slightly but 
significantly higher than that in control samples. However, 
overall we could not find large effects of SL-related inhibi-
tors on IAA levels.

The tZ level in region III decreased significantly in the 
KK094-treated segments after 1 week of culture and in the 
TIS108-treated segments after 5 weeks of culture (Fig. 7). 
However, it was difficult to analyze tZ in the TIS108 and 
KK094-treated segments after 3 or 5 weeks of culture 
because of the low levels. There were no large changes 
in tZR levels between the control and TIS108 or KK094 

Fig. 4  Effect of KK5 on adven-
titious shoot formation. a Repre-
sentative images of adventitious 
shoots on internodal segments 
after 8 weeks of culture under 
the indicated conditions. Bar, 2 
mm. b Number of adventitious 
shoots formed on internodal 
segments treated with KK5. 
Data are means ± SE (n = 3). 
Eight to ten segments were used 
in each experiment. *P < 0.05 
for 20 μM KK5 versus control 
(0 μM KK5) (Student’s t-test)
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treatment after 1, 3, or 5 weeks of culture. In contrast, 2iP 
and iPR levels tended to increase in the apical region of 
internodal segments following TIS108 or KK094 treatment 
(Fig. 7). In TIS108-treated segments, 2iP levels significantly 
increased in region I after 3 weeks of culture, and iPR levels 
significantly increased in regions I and II after 1 week of 
culture. In KK094-treated segments, 2iP levels significantly 
increased in region I after 1 week of culture, regions I and 
II after 3 weeks of culture, and regions I to III after 5 weeks 
of culture, and iPR levels increased in region I after 1 or 5 

weeks of culture. However, iPR levels also increased signifi-
cantly in region IV after 1 or 5 weeks of culture.

Effect of SL‑related inhibitors on growth 
of adventitious shoots

A single dominant shoot was observed on each internodal 
segment after 8 weeks of culture under control condi-
tions, whereas many small shoots were formed on the seg-
ments treated with TIS108, KK5, or KK094 at various 

Fig. 5  Effect of KK094 on 
adventitious shoot formation. a 
Representative images of adven-
titious shoots after 8 weeks 
of culture under the indicated 
conditions. Bar, 2 mm. b 
Number of adventitious shoots 
formed on internodal segments 
treated with KK094. Data are 
means ± SE (n = 3). Eight to 
ten segments were used in each 
experiment. *, †, and # indicate 
P < 0.05 for 1 μM, 5 μM, and 
10 μM KK094, respectively, 
versus control (0 μM TIS108) 
(Student’s t-test)
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concentrations (Figs. 3a, 4a, 5a). To confirm whether the 
small shoots on these internodal segments can grow nor-
mally, the segments cultured on an SL-related inhibitor 
(TIS108, KK5, or KK094) were further cultured for 2 weeks 
on medium containing the same inhibitor at 10 μM. In the 

control samples, only the dominant shoot continued to grow 
vigorously, whereas following TIS108, KK5, or KK094 
treatment, multiple shoots grew (Fig. S2). To investigate 
whether the small shoots could grow after removal from 
the internodal segments, the segments were first cultured 
under control conditions or in medium containing 10 µM 
TIS108, KK5, or KK094 for 8 weeks, and then the adven-
titious shoots were removed and cultured on fresh control 
culture medium for a further 8 weeks. The removed shoots 
grew normally (Fig. S3).

Effect of exogenously applied kinetin 
on adventitious shoot formation

We then explored whether kinetin, a type of CK, promotes 
adventitious shoot formation. When we applied 1 µM kine-
tin, the total number of shoots significantly increased com-
pared with the control after 3 weeks of culture, and gradu-
ally increased until 8 weeks of culture (Fig. 8a, b), at which 
time the average total number of shoots in the 1 µM kine-
tin–treated samples (14.6 shoots) became about 1.5 times 
that in the control samples (8.9 shoots) (Fig. 8b). When we 
counted the shoot number in each region of the internodal 
segments, there were on average 3.5 in region I, 4.3 in region 
II, and 1.0 in region III in the control samples, compared 
with 9.6 in region I, 3.7 in region II, and 1.3 in region III in 
the 1 µM kinetin–treated samples (Fig. 8c); neither control 
nor treated samples produced shoots in region IV. Thus, pro-
motion of shoot formation in the 1 µM kinetin–treated sam-
ples occurred mainly in region I of the internodal segments.

Discussion

We can directly evaluate the effects of exogenously applied 
chemicals on adventitious shoot formation in the ipecac 
tissue culture system, in which adventitious shoots can be 
induced without exogenous application of phytohormones 
(Yoshimatsu and Shimomura 1991). Here, we evaluated the 
effects of SL on adventitious shoot formation. We found 
that an exogenously applied SL analog (GR24) suppressed 
adventitious shoot formation (Fig. 1), whereas the number 
of shoots was increased by treatment with an SL biosyn-
thetic inhibitor (TIS108 or KK5) or SL antagonist (KK094) 
(Figs. 3, 4, 5). These findings indicate that SL has an inhibi-
tory effect on adventitious shoot formation in ipecac.

We demonstrated that GR24 treatment also changed the 
main position of adventitious shoot formation from the 
apical region (I and II) to the middle region (II and III) of 
the internodal segments in ipecac (Fig. 1). We previously 
showed that, after 1 week of culture, endogenous IAA tran-
siently accumulated in the basal region of internodal seg-
ments of ipecac (Koike et al. 2017). Here, the accumulation 

Fig. 6  Effects of three SL-related inhibitors, TIS108 (a), KK5 (b), 
and KK094 (c), on adventitious shoot formation in four regions (api-
cal to basal, I to IV) of internodal segments. The numbers of adventi-
tious shoots formed on each region of the internodal segments after 
8 weeks of culture are shown. Data are means ± SE (n = 3). Eight to 
ten segments were used in each experiment. *P < 0.05 versus corre-
sponding control for total number of shoots formed (0 μM inhibitor) 
(Student’s t-test). n.s., not significant
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Fig. 7  IAA and CK levels in internodal segments treated with SL-
related inhibitors (TIS108 and KK094). Internodal segments were 
collected after 1, 3, and 5 weeks of culture. Data are means ± SE 

(n = 4). Four segments were used in each experiment. *P < 0.05 ver-
sus control (0 μM inhibitor) (Student’s t-test). n.d., not detected
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of endogenous IAA in the basal region was inhibited by 
GR24 treatment (Fig. 2). SLs can reduce basipetal auxin 
flow by suppressing the expression of PIN-FORMED1 
(PIN1), an auxin efflux protein, located on the basal side 
of the plasma membrane in Arabidopsis (Crawford et al. 
2010). SLs interfere with auxin effects on PIN polar tar-
geting, constitutive PIN trafficking, and clathrin-mediated 
endocytosis in stem cells of pea and Arabidopsis (Zhang 
et al. 2020). In our previous work, treatment with two auxin 
transport inhibitors, TIBA (2,3,5-triiodobenzoic acid and 
NPA [N-1-naphthylphthalamic acid]), moved the main 
position of adventitious shoot formation from the apical 
region to the middle region of ipecac internodal segments, 
and suppressed IAA accumulation in the basal region of the 
segments (Koike et al. 2020). These findings indicate that 
disturbance of polar auxin transport changes the distribution 
pattern of adventitious shoot formation.

In ipecac, one of the shoots becomes dominant on each 
internodal segment because auxin derived from this shoot 
suppresses the growth of other shoots (Koike et al. 2018, 
2020). Here, treatment with all the SL-related inhibitors 
increased the number of adventitious shoots compared with 

the control (Figs. 3, 4, 5). However, there are some differ-
ences among the shoot phenotypes produced by the SL bio-
synthetic inhibitors and SL antagonist (Figs. 3, 4, 5). In the 
TIS108- and KK5-treated internodal segments, individual 
shoot development was slow, with most shoots were rounded 
with no leaves during the 8-week culture period (Fig. 3a 
and 4a); in contrast; many shoots grew at the normal rate 
under the KK094 treatment (Fig. 5a). In addition, the pat-
terns of the 2iP and iPR levels were different between 10 
µM TIS108 and 10 µM KK094 treatment: (1) 2iP gradually 
increased in cultures under KK094 treatment but not under 
TIS108 treatment during the 5-week culture period, and (2) 
iPR levels increased after 1 week of culture under TIS108 
treatment, but the changes in levels were smaller than those 
under KK094 treatment (Fig. 7). Development of multiple 
shoots with leaves following KK094 treatment might be due 
to the observed increase of 2iP in internodal segments. In 
ipecac, 2iP might have an important role in the stimulation 
of adventitious shoot formation.

In our previous work, we hypothesized that endogenous 
tZ-type CKs might be mainly involved in induction of 
adventitious shoot formation because endogenous tZR levels 

Fig. 8  Effect of kinetin on adventitious shoot formation. a Rep-
resentative images of adventitious shoots after 8 weeks of culture 
under the indicated conditions. Bar, 2 mm. b Number of adventitious 
shoots formed on internodal segments treated with kinetin. Data are 
means ± SE (n = 3). Ten segments were used in each experiment. 

*P < 0.05 for 1 μM kinetin versus control (0 μM kinetin) (Student’s 
t-test). c Number of adventitious shoots in each region of the inter-
nodal segments. Data are means ± SE (n = 3). Ten segments were 
used in each experiment. *P < 0.05 versus control for total number of 
shoots formed (0 µM kinetin) (Student’s t-test). n.s., not significant
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are highly elevated after 1 week of culture (Koike et al. 
2017). 2iP-type CKs are converted to tZ-type CKs through 
hydroxylation of the prenyl side chain by the cytochrome 
P450 CYP735A in Arabidopsis (Takei et al. 2004). Defi-
ciency of CYP735A activity retards shoot growth without 
affecting total CK content; this retardation is overcome by 
application of tZ but not 2iP (Kiba et al. 2013). Thus, we 
expected that tZ-type CKs would be important for adven-
titious shoot formation in ipecac. However, in most cases 
the distribution and levels of tZ and tZR did not differ sig-
nificantly between control internodal segments and those 
treated with GR24 or SL-related inhibitor (Figs. 2 and 7). 
In contrast, the distribution and levels of 2iP and iPR were 
often significantly altered by treatment with GR24 or SL-
related inhibitor (Figs. 2 and 7). After 10 µM GR24 treat-
ment, adventitious shoots were mainly formed in regions II 
and III, 2iP levels were decreased in region I and increased 
in region III, and iPR levels were increased in regions II and 
III (Fig. 2). SLs promote CK degradation by activating the 
expression of CYTOKININ OXIDASE9, thereby inhibiting 
shoot branching in rice (Duan et al. 2019). We therefore con-
sider that reduction of 2iP levels in region I might be caused 
by CK degradation as well as reduction of CK biosynthesis. 
The distribution pattern of 2iP was associated with the posi-
tion of adventitious shoot formation on internodal segments 
(Figs. 1, 2, 6, and 7). These results are consistent with the 
notion that 2iP might have an important role in the stimula-
tion of adventitious shoot formation.

To determine whether the effects of SL-related inhibi-
tors on adventitious shoot formation were caused by the 
increased 2iP in the internodal segments, we compared 
the effects of these treatments to that of the synthetic CK 
kinetin. We found that kinetin stimulated adventitious 
shoot formation (Fig. 8), as previously found for another 
synthetic CK, 6-benzylaminopurine (Yoshimatsu and Shi-
momura 1991). However, the effects of SL-related inhibi-
tors and kinetin differed in the following ways. The small 
shoots induced by kinetin had young leaves, whereas those 
induced by SL-related inhibitors were round, with no leaves 
(Figs. 3, 4, 5, 8). In addition, kinetin stimulated adventitious 
shoot formation in region I alone of the internodal segments, 
whereas SL-related inhibitors stimulated it in regions I to 
III (Figs. 6, 8).

The effect of SL on adventitious shoot formation is simi-
lar to that on axillary bud outgrowth, but has a different 
mechanism. Shoot branching consists of two steps: the for-
mation of axillary meristems and the subsequent outgrowth 
of axillary buds in the leaf axil (Beveridge and Kyozuka 
2010). SL signaling is thought to be involved in the con-
trol of the latter step. SL regulates whether axillary buds 
continue to develop or become dormant (Minakuchi et al. 
2010). In ipecac, plant regeneration in vitro takes place 
through formation of new shoot meristems from somatic 

cells. Interestingly, in the current study, SL-related inhibitors 
promoted adventitious shoot formation on internodal seg-
ments, indicating that SL inhibits the formation of adventi-
tious meristems.

Many small shoots were induced after 8 weeks of cul-
ture with TIS108, KK5, and KK094, and they could grow 
normally after a further 2 weeks of culture (Fig. S2). In 
addition, when small shoots after 8 weeks of culture were 
removed from internodal segments and cultured on control 
culture medium, the shoots could grow normally (Fig. S3): 
the small shoots were not malformed and could proceed to 
normal plant regeneration.

Auxin and CKs have been widely used as plant growth 
regulators in plant regeneration. Here we found that SL-
related inhibitors promote adventitious shoot formation in 
ipecac. We anticipate that SL-related inhibitors will be use-
ful as new plant growth regulators for efficient propagation 
of plants in vitro.
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