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Abstract: Effects of sucrose and cytokinin 
(trans-zeatin riboside [t-ZR]) on the formation of 
tuberous root of sweetpotato (Ipomoea batatas 
(L.) Lam.) were studied by directly applying these 
substances to young roots. In the roots that 
originally contained approximately 9 μg of en-
dogenous sucrose per milligram of fresh weight 
(FW), further increase in the sucrose level did 
not necessarily result in tuberous root formation, 
whereas t-ZR application invariably induced 
tuberous root formation. However, t-ZR did not 
induce morphogenesis when the sucrose level in 
the root was lowered to approximately 2 μg mg–1 
of FW. Our results imply that high levels of en-
dogenous sucrose are necessary for tuberous 
root formation and that in the presence of high 
sucrose concentrations, cytokinins can trigger 
tuberous root formation. 
 
Keywords: cytokinin, sucrose, sweetpotato (Ipomoea 
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Introduction 
 
The tuberous roots of sweetpotato (Ipomoea batatas 
(L.) Lam.) act as storage organs, which accumulate 
starch in large quantities. A tuberous root is a portion 
of root that is thickened locally and is not differenti-
ated into a storage organ as observed in potato 
(Solanum tuberosum L.) tubers. Anatomical changes 
during tuberous root formation have already been 
reported (McCormick 1916, Ogura 1945a,b, Togari 
1950, Kokubu 1973, Wilson and Lowe 1973, Lowe 
and Wilson 1974). This morphogenesis results from 
active production of storage tissue within the root stele 
through the proliferation of parenchyma cells. The 
production of parenchyma cells occurs after devel-
opment of the primary cambium ring and formation of 

secondary meristem inside the cambium ring. There-
fore, we considered that induction of parenchyma cell 
proliferation is the first step in the early stages of 
tuberous root formation. 

The exogenous conditions necessary for tuberous 
root formation have been determined based on pre-
vious reports; these include well-aerated conditions in 
the root zone (Kasugai 1935, Noguchi and Sugawara 
1940, Eguchi and Yoshida 2004, Eguchi and Yoshida 
2007), dark conditions in the root zone (Kumano and 
Fujise 1965), and appropriate soil temperature (Egu-
chi et al. 1994). With regard to the endogenous 
conditions, a cytokinin named trans-zeatin riboside 
(t-ZR) (Matsuo et al. 1983, Suye et al. 1983, Sugiyama 
and Hashizume 1989, Nakatani and Komeichi 1991, 
Nakatani et al. 2002) and sucrose (Saitou et al. 1997) 
have been suggested to play important roles in the 
induction of tuberous root formation. Although cyto-
kinin and/or sucrose levels in roots are considered to 
regulate the induction of tuberous root formation, the 
effects of these substances on root thickening of 
sweetpotatoes are not clarified. It is because the 
effects of the substances on thickening have been 
studied by applying them to leaves or a cut-section of 
stem (Spence and Humphries 1972, McDavid and 
Alamu 1980, Kadowaki et al. 2000, Kadowaki et al. 
2001a, Kadowaki et al. 2001b). In such methods, 
effects of these substances on root morphogenesis 
could inseparably include indirect effects through leaf 
and stem responses to the applied substances. Cur-
rently, no information exists regarding the direct 
effects of local application of sucrose and cytokinins 
to the roots on the induction of tuberous root forma-
tion. One of the reasons for this is the lack of a 
cultivation technique appropriate to examination the 
tuberous root formation process. A number of adven-
titious roots grow from the nodes of sweetpotato 
plants, and some of these roots develop into tuberous 
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roots. It is impossible to previously identify the roots 
which will develop into tuberous roots because root 
thickening depends on the root zone environment 
(Togari 1950). We, however, developed a cultivation 
technique to specify roots that will lead to tuberous 
root formation (Eguchi and Yoshida 2004). In this 
study, we verified direct effects of sucrose and cyto-
kinin on tuberous root formation using the cultivation 
technique. 

 
Materials and Methods 

 
Growth measurement experiments were carried out 
using a growth chamber from December 2003 to 
September 2004, sucrose concentration in the roots 
was measured from March 2006 to October 2007. 

Fig. 1.  The procedure of the direct application of water, 
sucrose, or trans-zeatin riboside (t-ZR) to a sweetpotato 
root. 
  

Plant Materials 
 

The sweetpotato cultivar “Narutokintoki” was used in 
this study. Cut-stems approximately 25 cm in length 
were obtained from plants grown in phytotron at 
25±1ºC and 70±5% relative humidity (RH). Three 
unfolding leaves (third, forth, and fifth leaves from the 
apex) were maintained in the cuttings by excising all 
other leaves. All terminal and axillary buds were 
excised. Basal parts (approximately 15 cm in length) 
of stem cuttings were inserted in wet vermiculite and 
were grown in phytotron for 10 days. Thereafter, the 
rooted cuttings were carefully dug out, and used for all 
experiments. 

 
Growth Conditions 

 
As shown in Fig. 1, a single nodal root approximately 
25 cm in length on the upper node and several roots on 
the basal node were maintained in the rooted cutting, 
which was obtained at 10 days after plantation of 
cut-stems, by excising all other roots on each node. 
Plants were transplanted in the hydroponic box for 
reliable induction of tuberous root formation settled in 
a growth chamber (Eguchi and Yoshida, 2004); in the 
box, an aerial space was provided for root swelling 
above the nutrient solution. The basal half of a single 
nodal root on the upper node was exposed to air, and 
the roots on the basal node were completely immersed 
in the nutrient solution. Plants were grown at 
28±0.5ºC of air and solution temperature, 70±3% RH, 
250 μmol m–2 s–1 photosynthetic photon flux density 
(PPFD), and 12 h photoperiod (0700–1900). 

 
Sucrose and t-ZR Treatments 

 
The procedure used for the application of sucrose and 
t-ZR to the roots is shown in Fig. 1. Five days after 
transplantation (DAT), an approximately 8-cm-long 

root exposed to air (proximal portion) was maintained 
on the upper node by excising the distal portion with a 
razor blade. Lateral roots emerging from the nodal 
root were also excised. The cut end of the nodal root 
was immediately immersed in 2 mL of 5% sucrose 
solution, 10 ppm (28.5 μM) t-ZR solution, or distilled 
water filled in a glass vial for 24 h. The treatment was 
conducted under the dark condition to prevent tran-
spiration, which induces excess movement of these 
solutions to other organs. Six plants were used for 
each treatment. In order to examine the effect of t-ZR 
on the roots with lower levels of endogenous sucrose, 
the plants were grown in dark for 3 days prior to the 
t-ZR application at 5 DAT. After the t-ZR application, 
they were grown under the same condition as in the 
other experiments. Further, a 5% sucrose solution was 
applied to a portion of the dark-treated plants for 24 h 
just before t-ZR application. Six plants were used for 
each treatment. 

 
Measurements of Root Growth and Sucrose Content 

 
Expansive growth of roots treated with sucrose, t-ZR, 
or water was evaluated by measuring the maximum 
root diameter. The diameter was measured every 5 
days during the 25-day cultivation period. Root 
sucrose content was measured at transplantation (0 
DAT), 5 DAT, and at the end of sucrose application, 
water application, or dark treatment. Six sampled 
roots were lyophilized immediately. The freeze-dried 
root (approximately 7 mg) was ground in a mixer mill 
(MM200; Retsch, Haan) and was then mixed with 1 
mL deionized water in the mixer mill. The mixture 
was centrifuged at 10,000 rpm for 10 min, and the 
supernatant was collected. The residue was mixed 
with 1 mL deionized water to re-extract the wa-
ter-soluble substances and then centrifuged under the 
same conditions. The re-extraction procedure was 
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repeated 3 times, and the extracts were combined and 
filled up to 5 mL. The extract was filtered through a 
membrane filter (DISMIIC-25AS; ADVANTEC MFS 
Inc., Tokyo), and the sucrose in the filtrate was ana-
lyzed using a high-performance liquid 
chromatography (HPLC) system (LC-10AD; 
SHIMADZU Corp., Kyoto). The filtrate was injected 
into the HPLC system, and the column was main-
tained at 40ºC and was eluted with water at a flow rate 
of 0.7 mL min –1. 

 
Microscopic Observation 

 
The anatomical features of the nodal root were ob-
served after a 25-day cultivation period. Hand-cut 
cross-sections were obtained from the thickest root 
region. These sections were stained with 0.02% 
toluidine blue or 2% Phloroglucinol-alcohol solution, 
and observed under optical microscopes (OPTIPHOT 
and SMZ1000; Nikon, Tokyo). Toluidine blue-stained 
sections were used to observe the primary cambium 
and secondary meristematic tissue of the root. The 
developmental stages of the primary cambium were 
classified into 3 stages based on the shape: stage A, 
several primary cambia were dispersedly located; 
stage B, primary cambia congregated together to form 
an irregular circle; and stage C, the primary cambium 
ring was clearly formed. We also observed the sec-
ondary meristematic tissue formed within the region 
encircled by the circular primary cambium ring. The 
phloroglucinol-stained sections were used for evalu-
ating the degree of lignification within the region 
encircled by the primary cambium. The degree was 
calculated as an areal ratio of the red-stained cells to 
the region encircled by the primary cambium.  

Fig. 2.  Changes in sucrose content in the roots after 
transplantation. Plants were grown under a 12 h light 
photoperiod (open symbols), or under continuous darkness 
for 3 days prior to t-ZR application of a growth regulator 
(closed symbols). Vertical bars indicate SE. 
 

 
Results 

 
Sucrose Content 

 
The sucrose contents of the roots at 0 DAT, 5 DAT, 
and just after water application were 7.8 μg mg–1, 9.1 
μg mg–1, and 8.0 μg mg–1, respectively, and there were 
no significant differences among these values (Fig. 2). 
The application of 5% sucrose solution to the root 
increased the sucrose content to 13.1 μg mg–1 after 24 
h, which was 144% of that before treatment. The 
3-day dark treatment prior to the t-ZR application 
decreased the sucrose content to 2.3 μg mg–1, which 
was only 25% of that at 5 DAT in the non-dark-treated 
plants. Sucrose application to the dark-treated plants 
increased the sucrose content of the roots. However, 
the content was only 38% of that in non-dark treated 
and non-sucrose-applied plants. 

 
Root Growth 

 

Fig. 3.  Changes in the maximum diameter of the “intact” 
roots on the upper node. The changes were depicted every 
plant. 
 

When the root on the upper node was maintained 
“intact” (i.e., no substances were applied to it and the 
distal half was not cut), the portion exposed to air 
swelled vigorously and developed into a tuberous root 
(Fig. 3). In all plants, the root diameter exceeded 15 
mm at the end of the 25-day cultivation. The thickest 
part of the root displayed anatomical features similar 
to those of a tuberous root, which were the active 
primary cambium ring and the secondary meristem 
formed within the cambium ring. Thus, the cultivation 
method was considered satisfactory for the exogenous 
conditions necessary for the induction of tuberous root 
formation. 
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Figure 4a shows the time-course changes in root 
diameter when water, sucrose, and t-ZR were applied. 
During application, these solutions in the vials were 
decreased by more than 0.15 mL for all roots. This 
decrement was considered to be almost equal to the 
amount of solution taken up by the plant, because 
water loss by evaporation was not observed in the 
control vials in which the root end was not inserted. 
The diameters at 25 DAT did not correlate with the 
amount of solution taken up by the roots in all the 
treatments (data not shown). Only the t-ZR treatment 
produced an obvious response to the application, and 
the maximum diameter of the roots exceeded 3 mm at 
25 DAT in all plants. Results of sucrose application 
were similar to those of water application: at 25 DAT, 
the diameter of one-third of the roots scarcely in-
creased, and another one-third of the roots reached 3 
mm in diameter. Figure 4b shows the time-course 
changes in the diameter of the t-ZR-treated roots in the 
dark-treated plants for which the endogenous sucrose 
level was low (Fig. 2). The diameter of the non- 

sucrose-pretreated roots scarcely increased over 10 
days after the t-ZR treatment in all plants; thereafter, 
one-third of the roots remained thin, and the diameter 
of the others increased up to 3 mm. The su-
crose-pretreated roots showed little swelling after 
more than 5 days of the t-ZR treatment, and the 
subsequent changes in root diameter were similar to 
the results of the water and sucrose application to 
non-dark-treated plants (Fig. 4a), where the diameter 
of one-third of the roots scarcely increased and that of 
another one-third of the roots exceeded 3 mm at 25 
DAT. In non-dark-treated plants, all t-ZR-treated roots 
attained stage C; however, no plants treated with 
sucrose had roots that reached stage C, and only 2 
plants treated with water had roots that reached stage 
C (Fig. 5). Formation of the secondary meristem 
within the root stele was observed in roots that swelled 
to a diameter greater than 2.7 mm. The percentage of 
the roots that formed the secondary meristem was 
67%, 33%, and 100% in the roots treated with water, 
sucrose, and t-ZR, respectively. One-third of the roots 

Fig. 4. Changes in the maximum diameter of the roots applied with distilled water (DW), trans-zeatin riboside 
(t-ZR), or sucrose. Plants were grown under a 12 h light photoperiod (a) and under continuous darkness for 3 days 
prior to t-ZR applications (b). Arrows show the time when DW, t-ZR, and sucrose were applied. 
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treated with water or sucrose continued to form the 
secondary meristem at stage B. Figure 6 shows the 
relationship between the root diameter and the degree 
of the lignified region within the root stele of 
non-dark-treated plants. The degree of lignification 
decreased with an increase in the root diameter and 
decreased below 10% in roots with diameters more 
than 3 mm. Raise of sucrose level resulted in heavy 
lignification of thin roots that scarcely swelled over 
the 25-day cultivation. There was no correlation 
between the amount of sucrose solution uptake and the 
degree of lignification (data not shown). 

 
Discussion 

 
Sucrose and cytokinin (t-ZR) were locally applied to 
the portion of young root exposed to air. In roots with 
a sucrose level of approximately 9 μg mg–1, further 
increase in the sucrose level did not necessarily result 
in tuberous root formation, while t-ZR application 
invariably induced tuberous root formation. The 
application of t-ZR, however, did not affect root 
swelling when the level of sucrose in the root was 
lowered to approximately 2 μg mg–1. These results 
imply that a high level of endogenous sucrose is 
necessary for tuberous root formation, and in this 
condition, exogenously applied cytokinins can trigger 
tuberous root formation. In the formation process, 
stage C is considered to occur in the early stage when 
the secondary meristem forms in the region encircled 
by the primary cambium ring (Eguchi and Yoshida, 
2004). Secondary meristem formation, however, 
continued in the roots in stage B in the case of sucrose 
and water application treatments. Exogenous cyto-
kinins may affect the development of the primary 
cambium, and the formation of the secondary meris-
tem may be regulated through other processes. 

In cross-sections of roots developing to tuberous 
root, parenchyma within the stele increases the area 
with root swelling (Eguchi et al. 2004), and ratio of 
lignified region within the primary cambium ring 
decreases during the early stages of tuberous root 
formation (Eguchi and Yoshida 2007). Induction of 
tuberous root morphogenesis and the subsequent 
expansion are both inhibited due to O2 deprivation, 
and the stress promotes lignification within the root 
stele (Eguchi and Yoshida 2007). In this study, high 
sucrose level also promoted lignification of roots that 
remained thin over the 25-day cultivation. We found 
no correlation between the amount of sucrose uptake 
and the degree of lignification; however, these roots 
appeared to be damaged due to high sucrose concen-
tration. 

Endogenous conditions necessary for the induction 
of tuberous root formation resemble those required for 
the activation of CycD3, a D-type cyclin. CycD3 may 

Fig. 5.  Developmental stage and root diameter at 25 
days after transplantation (DAT). Roots were treated 
with distilled water (DW), trans-zeatin riboside (t-ZR), 
or sucrose. Development of the root primary cambium 
was classified into 3 stages: stage A, several primary 
cambia were dispersedly located; stage B, the primary 
cambia congregated together to form an irregular circle; 
and stage C, a primary cambium ring developed to form 
a circular shape. Roots forming secondary meristems 
are enclosed within a dashed rectangular box. 
 

dominantly drive the G1/S transition in the cell divi-
sion cycle (Menges et al. 2006). In Arabidopsis 
thaliana, cytokinins induce cell division through the 
activation of CycD3 (Riou-Khamlichi et al. 1999), but 
CycD3 is not present under sucrose starvation condi-
tions (Sandra Healy et al. 2001). Indeed, the transcript 

Fig. 6.  Ratio of the lignified region within the root to 
the root diameter at 25 days after transplantation (DAT). 
Roots were treated with distilled water (DW), 
trans-zeatin riboside (t-ZR), or sucrose. 
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level of CycD3 in sweetpotato root increased at an 
early stage of tuberous root formation (Nagata et al. 
2004). Furthermore, sucrose application to a sweet-
potato petiole, not to a root, increased the CycD3 level 
in the petiole, where the simultaneous application of 
sucrose and cytokinins further increased the CycD3 
level (Nagata et al. 2005). Sucrose level in young roots 
also positively regulates the sucrose synthase activity, 
which is closely related to sugar import, starch syn-
thesis, cell wall synthesis, and sink activity (Saitou et 
al. 1997). Endogenous sucrose level may relate not 
only proliferation of parenchyma cells but also dif-
ferentiation of these cells to storage cells throughout 
tuberous root development. Both sucrose and cyto-
kinins may play key roles in the induction of tuberous 
root formation in sweetpotato through the prolifera-
tion of parenchyma cells; therefore, future expression 
analyses of the genes related to tuberous root forma-
tion should preferably be carried out using a 
cultivation method that allows for control of tuberous 
root formation, such as the method used in this study. 

Although our results imply that cytokinins induce 
tuberous root formation, no information exists re-
garding the changes in the level of endogenous 
cytokinins in the portion of roots in the initial stages of 
tuberous root development. This is because previous 
studies (Matsuo et al. 1983, Nakatani et al. 1991) were 
carried out using roots with uncertain fates or roots 
that were already in the early stages of tuberous root 
formation. Thus, the time-course pattern of cytokinin 
levels should be reconfirmed in the root portions that 
have been definitely determined to develop into 

berous roots. Furthermore, simultaneous changes in 
cytokinins in the distal portion of the root 

ould also be investigated in order to elucidate the 

tion

xyl t tips 

sta
pro

sen
roo crine signal for nitrogen 

Tak
cuc
sug

res
rol
gen
 

 
Egu

Egu

Kad

Kad
 

Kum

Kur

Let

Low

Ma

tu
the levels of 
sh
contribution of translocated cytokinins to the induc-

 of tuberous root formation. Root tips are the 
major sites of cytokinin biosynthesis, and are also the 
source of the plant hormone that is translocated via the 

em (Letham 1994); however, in this study, roo
were absent in the roots treated with growth sub-

nces. Therefore, the cytokinin-treated root was 
vided with the artificial source of translocated 

cytokinins. Cytokinins may merely act as paracrine 
signals with respect to apical dominance and leaf 

escence (Faiss et al. 1997), while the hormone of 
t origin may act as a endo

metabolism in maize leaves (Sakakibara et al. 1998, 
ei et al. 2001) or adventitious root formation in 
umber hypocotyls (Kuroha et al. 2002). Our results 
gest that tuberous root formation can be induced 

by the translocated cytokinins; however, extensive 
earch is necessary to elucidate the physiological 
e of the translocated cytokinins in the morpho-
esis. 
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