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† Background and Aims The networks of vessel elements playavital role in the transport of water from roots to leaves,
and the continuous formation of earlywood vessels is crucial for the growth of ring-porous hardwoods. The differ-
entiation of earlywood vessels is controlled by external and internal factors. The present study was designed to iden-
tify the limiting factors in the induction of cambial reactivation and the differentiation of earlywood vessels, using
localized heating and disbudding of dormant stems of seedlings of a deciduous ring-porous hardwood, Quercus
serrata.
† Methods Localized heating was achieved by wrapping an electric heating ribbon around stems. Disbudding
involved removal of all buds. Three treatments were initiated on 1 February 2012, namely heating, disbudding
and a combination of heating and disbudding, with untreated dormant stems as controls. Cambial reactivation and
differentiation of vessel elements were monitored by light and polarized-light microscopy, and the growth of buds
was followed.
† Key Results Cambial reactivation and differentiation of vessel elements occurred sooner in heated seedlings than in
non-heated seedlings before bud break. The combination of heating and disbudding of seedlings also resulted in
earlier cambial reactivation and differentiation of first vessel elements than in non-heated seedlings. A few narrow
vessel elements were formed during heating after disbudding, while many large earlywood vessel elements were
formed in heated seedlings with buds.
† Conclusions The results suggested that, in seedlings of the deciduous ring-porous hardwood Quercus serrata, ele-
vated temperature was a direct trigger forcambial reactivation and differentiation of first vessel elements. Bud growth
was not essential for cambial reactivation and differentiation of first vessel elements, but might be important for the
continuous formation of wide vessel elements.

Key words: Cambial activity, deciduous ring-porous hardwoods, disbudding, formation of earlywood vessel,
localized heating, oak, Quercus serrata.

INTRODUCTION

Three-dimensional networks of vessel elements play an import-
ant role in the movement of water from roots to leaves
(Zimmermann, 1982; Kitin et al., 2004). In ring-porous hard-
woods, earlywood vessels with wide diameters, which are
formed at the beginning of the growth season, function in the
transport of water in the current year only (Utsumi et al., 1996,
1999; Umebayashi et al., 2008). Therefore, the continuous for-
mation of earlywood vessels is crucial for the growth of ring-
porous hardwoods. It is reasonable to assume that induction of
the formation of earlywood vessels is dependent on external
and internal factors.

Cambial activity and formation of earlywood vessels are
known to be controlled by environmental factors (Denne and
Dodd, 1981; Fonti et al., 2007; Dié et al., 2012). Localized

heating of stems during the quiescent stage of dormancy revealed
that increases in temperature-induced cambial reactivation and
xylem differentiation occur directly in evergreen conifers
(Savidge and Wareing, 1981; Barnett and Miller, 1994; Oribe
and Kubo, 1997; Oribe et al., 2001, 2003; Gricar et al., 2006,
Begum et al., 2010a, b, 2012) and in a deciduous diffuse-porous
hardwood, Populus (Begum et al., 2007). However, to our
knowledge, there are no reports of the effects of localized
heating on the induction of cambial reactivation and differenti-
ation of earlywood vessels in deciduous ring-porous hardwoods.

In poplar, cambial reactivation was induced by localized
heating without flushing of buds, suggesting that cambial reacti-
vation might be independent of the growth of buds or shoots
(Begum et al., 2007). In contrast, xylem differentiation started
after bud break (Begum et al., 2007), suggesting that some
other factor(s) derived from buds and/or new leaves might be
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required for xylem differentiation. Indole-3-acetic acid (IAA),
which is transported by basipetal polar movement in cambial
regions (Uggla et al., 1996, 1998; Tuominen et al., 1997), is
one of the most important internal factors in the control of
cambial activity and xylem differentiation (Aloni et al., 2000;
Sundberg et al., 2000). IAA, which is mainly produced by
young developing leaves, appears to be an essential stimulant
for the induction of differentiation of vessel elements in hard-
woods (Wareing, 1958; Digby and Wareing, 1966; Sachs,
1981; Savidge and Wareing, 1981; Aloni, 1991; Björklund
et al., 2007). However, the differentiation of first vessel elements
has been observed in deciduous ring-porous hardwoods before
leaf expansion (Zasada and Zahner, 1969; Atkinson and
Denne, 1988; Aloni and Peterson, 1997; Suzuki et al., 1996;
Sass et al., 2011). Aloni (1991) reported that, in stems of a dis-
budded ring-porous hardwood, approx. 1 month prior to bud
break, only a few isolated and very narrow vessels had been
formed. The cited studies indicate that bud growth might be
only a minor factor in the control of the differentiation of first
vessel elements.

The present study was designed to identify the limiting factor(s)
in the induction of cambial reactivation and the differentiation
of earlywood vessels in seedlings of Quercus serrata. We sub-
jected dormant stems to localized heating to determine whether
an increase in temperature could induce cambial reactivation
and formation of earlywood vessels in this deciduous ring-porous
hardwood. We also subjected stems to disbudding to determine
whether the induction of cambial reactivation and formation of
earlywood vessels might be independent of bud growth. Our ex-
periment involved three treatments of dormant stems, namely
localized heating, disbudding and a combination of localized
heating and disbudding, with untreated dormant stems serving
as controls. Then we monitored cambial reactivation, differenti-
ation of vessel elements and bud growth for 84 d.

MATERIALS AND METHODS

Plant materials

Fifty seedlings of Quercus serrata (2–3 years old, average height,
102.6+8.7 cm), potted in the field at Tokyo University of
Agriculture and Technology in Fuchu, Tokyo (35840′N,
139829′E), Japan, were subjected to analysis.

Heating and disbudding treatments

Electric heating ribbon (Nippon Heater Co., Ltd, Tokyo,
Japan), 6 m long and 0.5 cm wide, was wrapped around individ-
ual stems to produce a 5 cm wide band, at 40 cm above the
ground, on each heated stem (Fig. 1) (Begum et al., 2012). The
temperature of the interface between the heating ribbon and the
outer bark was adjusted to approx. 20+ 5 8C with a thermometer
(TC-1NP; As One Co., Osaka, Japan) and recorded with a data
logger (Ondotori Jr. TR-52; T&D Co., Matsumoto, Japan).
Localized heating treatment was initiated on 1 February 2012
and continued until 25 April 2012 (84 d).

Prior to localized heating, some stems were disbudded on 1
February 2012. All buds on the entire stem were removed and
petroleum jelly was applied to the sites from where buds had
been removed in order to prevent dehydration.

Collection and preparation of samples for microscopy

Four groups of stems, namely controls without any treatment,
heated stems, disbudded stems and heated plus disbudded stems
were prepared. Two seedlings for each of treatment were har-
vested at approx. 2-week intervals from 1 February to 25 April
2012. On each sampling date, the conditions of buds and/or
shoots were recorded with a digital camera. Samples containing
phloem, cambium and some xylem cells were collected from
positions 40–45 cm above the ground, where heating ribbon
had been applied. Samples were fixed in 4 % glutaraldehyde in
0.1 M phosphate buffer (pH 7.3) at room temperature. Fixed
samples were washed in 0.1 M phosphate buffer and trimmed to
small blocks. Small blocks were dehydrated in a graded
ethanol series and embedded in epoxy resin. Transverse and
radial sections were cut at a thickness of 2mm on a rotary micro-
tome (HM 340E; Carl Zeiss, Germany) and at a thickness of 1mm
with glass knives on an ultramicrotome (Ultracut N; Reichert,
Vienna, Austria). Sections were stained with a solution of 0.1 %
safranin in water. The sections were examined by light and
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FI G. 1. Electric heating ribbon wrapped around the stems of seedlings of
Quercus serrata. The heated (A) and the heated plus disbudded (B) seedlings.
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polarized-light microscopy (Axioskop; Carl Zeiss, Oberk-ochen,
Germany) as described by Begum et al. (2012).

RESULTS

No division of fusiform cambial cells and ray cambial cells was
observed on 1 February 2012, when we started our experiment
(Fig. 2A, B). The cambial zone consisted of 3–5 radial layers
of narrowand compactlyarranged cells. These observations indi-
cated that the cambium was dormant (Begum et al., 2013). No
cell division was observed on 17 February and buds had not
burst on 17 February 2012 (Fig. 7A).

On 13 March after 41 d, the control and the disbudded seed-
lings had no obvious cell divisions in the cambial zone
(Fig. 3A, B). In contrast, in heated and in heated plus disbudded
seedlings, new thin cell plates were observed in the cambial zone
and in phloem cells, an indication that cambial reactivation had
occurred earlier in heated seedlings than in non-heated seedlings
and was independent of disbudding (Fig. 3C, D). The majority of
first divisions of cambial cells were observed in the second layer
of fusiform cambial cells, counted from the previous year’s

xylem, but cell division sometimes occurred in the first layer of
fusiform cambial cells (Fig. 3C, D). On 13 March, buds on the
control and the heated (but not disbudded) seedlings still had
not burst.

On 27 March, after 55 d, no new thin cell plates were found in
the cambium and phloem cells in the non-heated control and dis-
budded seedlings (Fig. 4A, B). In contrast, in heated and in
heated plus disbudded seedlings, vessel elements with depos-
ition of secondary walls were observed under polarized light
(Fig. 4C, D). The deposition of secondary walls in a few cells
that surrounded mature vessel elements was also observed. On
27 March, buds still had not opened (Fig. 7B). Thus, differenti-
ation of vessel elements progressed without buds and without
bud burst. Most vessel elements in the heated and the
combination-treated seedlings were found in the second layer
from the boundary of the previous year’s xylem, but a few
vessel elements were also found in the first layer.

On 13 April, after 72 d, many wide vessel elements, located in
the first to third layers from the previous year’s xylem boundary,
were observed in the non-heated control seedlings (Fig. 5A). In
disbudded seedlings, many new cell plates were observed in
the cambial zone and in phloem cells, but no differentiating
vessel elements were detected (Fig. 5B). Swelling of buds was
evident for the first time on control and heated (but not disbud-
ded) seedlings (Fig. 7C).

On 25 April, after 84 d, there were many wide vessel elements
with secondary walls in heated (but not disbudded) seedlings
(Fig. 6A). In contrast, a small number of narrow vessel elements
with secondary walls and enlarging vessel elements were
observed in the heated plus disbudded seedlings (Fig. 6B). On
25 April, buds had burst on both control and heated (but not dis-
budded) seedlings (Fig. 7D).

The timing of cambial reactivation, differentiation of first
vessel elements and bud development in all of treatments is sum-
marized in Table 1. In heated seedlings, cambial reactivation and
differentiation of first vessel elements started earlier than in non-
heated seedlings.

Ph

Ca

Xy

Xy Ca Ph

A B

FI G. 2. Light micrographs showing the cambial zone on 1 February 2012. The
transverse view (A) and radial view (B) show that, in the cambium, there were no
new thin cell plates and cells were arranged compactly. Thus, the cambium was

dormant. Ph, phloem; Ca, cambium; Xy, xylem. Scale bars ¼ 50 mm.
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FI G. 3. Light micrographs showing transverse views of the cambial zone after
41 d on 13 March 2012. In the control (A) and the disbudded seedlings (B),
there were no new thin cell plates in the cambial zone. In contrast, in the heated
portion of a heated seedling (C) and of a heated plus disbudded seedling (D),
new thin cell plates were visible in the cambial zone. These new thin cell plates
were observed in the first layer (arrowheads; C and D) and second or third layer
(arrows; C and D) of fusiform cambial cells from the previous year’s xylem.
Division of cambial cells was observed in the heated portion of stem. Scale

bars ¼ 50 mm.
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FI G. 4. Light micrographs showing transverse views of the cambial zone after
55 d on 27 March 2012. In the control (A) and disbudded seedlings (B), there
were no new thin cell plates in the cambial zone. In the heated portion of the
heated seedlings (C) and of a heated plus disbudded seedling (D), vessel elements
with deposition of secondary walls were visible (asterisks; C and D). Scale bars ¼

50 mm.
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DISCUSSION

Cambial reactivation and the differentiation of vessel elements
were observed earlier in heated seedlings than in non-heated seed-
lings. The first vessel elements with secondary walls in heated
seedlings were observed when the cambium of non-heated seed-
lings was still dormant. Thus, localized heating of dormant
stems induced earlier cambial reactivation and the subsequent dif-
ferentiation of first vessel elements in seedlings of the deciduous
ring-porous hardwood Quercus serrata. It has been reported that
localized heating of dormant stems induces earlier cambial reacti-
vation and subsequent formation of secondary xylem than natural
conditions in evergreen conifers, such as Pinus contorta (Savidge
and Wareing, 1981), Picea sitchensis (Barnett and Miller, 1994),
Cryptomeria japonica (Oribe and Kubo, 1997; Begum et al.,
2012), Abies sachalinensis (Oribe et al., 2001, 2003), Abies

firma (Begum et al., 2012) and Picea abies (Gricar et al., 2006),
and a deciduous diffuse-porous hardwood, namely hybrid
poplar (Populus sieboldii × P. grandidentata; Begum et al.,
2007). Inaddition, under natural conditions, earliercambial reacti-
vation and differentiation of secondary xylem cells were observed
in poplar when the weather was warmer than normal in late winter
and early spring (Begum et al., 2008). Begum et al. (2008) pro-
posed that the timing of cambial reactivation can be predicted
from the accumulation of maximum daily temperature in
degrees above a threshold value. Our observations indicate that
an increase in temperature around the stem during dormancy is
the most important limiting factor for cambial reactivation and
the differentiation of first vessel elements in seedlings of the ring-
porous hardwood Q. serrata. The increase in temperature around
the dormant stem might provide a direct trigger for cambial
reactivation and xylem differentiation in all types of temperate-
zone trees.

Localized heating for 6 weeks in seedlings of Q. serrata
studied here and 4 weeks in hybrid poplar (Begum et al., 2007)
was required for cambial reactivation. In addition, in a deciduous
conifer Larix leptolepis, 2 weeks of localized heating failed to
induce cambial reactivation (Oribe and Kubo, 1997). In contrast,
in evergreen conifers, such as Abies sachalinensis (Oribe et al.,
2001, 2003), C. japonica (Begum et al., 2010a, b, 2012) and
seedlings of A. firma (Begum et al., 2012), localized heating
for 2–6 d induced cambial reactivation. Longer localized
heating of the stems of deciduous trees, as compared with
those of evergreen conifers, might be required for the conversion
of cambium from a quiescent dormant state to an active state.
Therefore, we suggest that, in deciduous trees, the state of dor-
mancy is deeper than in evergreen conifers.

It has been reported that, under natural conditions, cambial re-
activation and the differentiation of earlywood vessel begin prior

A B

*

FI G. 5. Light micrographs showing transverse views of the cambial zone and
differentiating xylem after 72 d on 13 April 2012. In the control seedlings (A),
enlarging vessel elements were observed (asterisk; A). Some vessel elements
were located in the first layer from the previous year’s xylem (arrowhead; A).
In the disbudded seedling (B), many new thin cell plates were visible (arrows
and arrowhead; B), demonstrating that cambial cell division occurred in the
absence of buds. In some radial files, cell divisions in the first layer of fusiform
cells from the previous year’s xylem were observed (arrowhead; B). Scale

bars ¼ 50 mm.
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FI G. 6. Light micrographs showing transverse views of the cambial zone and differentiating xylem after 84 d on 25 April 2012. In the heated seedling (A), there were
many wide vessel elements (asterisks; A). Some vessel elements were found in the first layer from the previous year’s xylem (arrowhead; A). In the heated portion of

heated and disbudded seedlings (B), only a few narrow vessel elements were observed (asterisks; B). Scale bars ¼ 200 mm.
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to bud break in deciduous ring-porous hardwoods, such as
Quercus rubur (Zasada and Zahner, 1969; Aloni and Peterson,
1997; Sass et al., 2011), Fraxinus excelsior (Atkinson and
Denne, 1988; Sass et al., 2011), and Q. serrata, Q. acutissima,
Castanea crenata, Zelkova serrata and Hovenia dulcis (Suzuki
et al., 1996). In the cited studies, there was no obvious correlation
between the initiation of differentiation of first vessel elements
and bud growth. In the present study, earlier cambial reactivation
and differentiation of first vessel elements were induced by loca-
lized heating in the absence of buds. Aloni (1991) reported simi-
larly that only a few very narrow vessel elements were evident in
stems of the deciduous ring-porous hardwood Melia azedarach
that had been disbudded approx. 1 month prior to bud break. In
addition, our data showed that there was no difference in terms
of the timing of cambial reactivation and differentiation of first
vessel elements between heated stems and heated plus disbudded
stems. Apparently, the timing of cambial reactivation and differ-
entiation of first vessel elements was unaffected by disbudding.
Therefore, in the seedlings of the deciduous ring-porous hard-
wood Q. serrata, bud growth is not required for cambial reactiva-
tion and the differentiation of first vessel elements.

The auxin IAA, which is mainly produced by young and devel-
oping leaves, is essential for the induction of differentiation of

vessel elements in deciduous diffuse-porous hardwood poplar
(Wareing, 1958; Digby and Wareing, 1966; Björklund et al.,
2007), in sycamore (Acer pseudoplatanus) and in deciduous
ring-porous ash (F. excelsior; Wareing, 1958). However, our
present results indicate that bud growth, which is associated
with new supplies of auxin and an increase in the amount of en-
dogenous IAA in cambium, is not essential for cambial reactiva-
tion and the differentiation of first vessel elements in Q. serrata.
In winter dormancy, endogenous IAA was found in the cambial
region of the deciduous ring-porous hardwood Q. rubur (Savidge
and Wareing, 1982) and the deciduous conifer L. kaempferi
(Funada et al., 2002). The total amount of endogenous IAA in
L. kaempferi was constant during cambial reactivation (Funada
et al., 2002). Thus, increases in total amounts of endogenous
IAA that accompany the growth of the current year’s buds do
not act as the trigger for cambial reactivation and the differenti-
ation of first vessel elements. The level of endogenous IAA in
dormant quiescent cambium might be adequate for the mainten-
ance of cambial cells, cambial reactivation and the differenti-
ation of first vessel elements.

Previous reports have suggested that overwintering cells in the
first or second layer of cambial cells, counted from the previous
year’s xylem boundary, might differentiate directly into vessel

A B C D

FI G. 7. Bud growth on control and heated seedlings. Buds had not yet burst on 1 February (A) and 27 March, when cambial cell divisions were observed in heated and
heated plus disbudded seedlings (B). Swelling of buds was observed on 13 April, when natural cambial reactivation and the differentiation of vessel elements were

observed (C). Bud burst had occurred by 25 April (D). Scale bars ¼ 0.5 cm.

TABLE 1. Timing of cambial reactivation, differentiation of first vessel elements and bud development in seedlings of Quercus serrata

Stages of cambial reactivation and differentiation of first vessel elements
Stage of bud
development

Date Control Disbudding Heating Heating plus disbudding Control Heating

1 February Dormant – – – Winter bud Winter bud
17 February Dormant Dormant Dormant Dormant Winter bud Winter bud
13 March Dormant Dormant Cambial reactivation Cambial reactivation Winter bud Winter bud
27 March Dormant Dormant Deposition of secondary

wall in vessel elements
Deposition of secondary
wall in vessel elements

Winter bud Winter bud

13 April Cambial reactivation and
expansion of vessel elements

Cambial reactivation Swelling Swelling

25 April Deposition of secondary wall
in vessel elements

Deposition of secondary
wall in vessel elements

Bud break Bud break

Kudo et al. — Cambial reactivation and formation of earlywood vessels 1025



elements without cell division at the beginning of the growth
season in ring-porous hardwoods such as F. excelsior (Doley
and Leyton, 1968; Frankenstein et al., 2005), Q. rubur (Zasada
and Zahner, 1969) and Fraxinus mandshurica var. japonica,
Kalopanax pictus, Ulmus davidiana, Phellodendron amurense,
Robinia pseudoacacia and Quercus mongolica var. grosseser-
rata (Imagawa and Ishida, 1972a, b). In the present study, we
observed cell division from the first to the third layer in
cambial cells from the previous year’s xylem boundary. The
first vessel elements were also found in the first to the third
layers of cambial cells from the previous year’s xylem boundary.
Therefore, it was unclear whether overwintering cells had differ-
entiated into vessel elements without cambial cell division. We
observed the cell division of cambial cells before the expansion
of vessel elements in all groups of seedlings examined. If over-
wintering cells differentiate directly into first vessel elements,
sensitivity to increases in temperature might differ between
cambial cells that will undergo cell division and overwintering
cells that will expand.

After 84 d, on 25 April, when buds had opened in control
stems, a few narrow vessel elements were observed in the
heated plus disbudded seedlings, while many large earlywood
vessel elements were found in heated seedlings. In deciduous
ring-porous Melia azedarach, disbudding approx. 1 month
prior to bud break resulted in differentiation of a few isolated
and very narrow vessels (Aloni, 1991). This observation indi-
cates that buds or bud growth, which might provide a continuous
supply of IAA to cambium, is needed for the continuous forma-
tion of wide vessel elements.

In conclusion, in the present study, we found that, in seedlings
of a deciduous ring-porous hardwood oak, localized heating of
dormant stems induced cambial reactivation and the differenti-
ation of first vessel elements in the absence of buds. Our
results suggest that an increase in temperature around the stem
might be one of the most important limiting factors for the start
of cambial reactivation and the differentiation of first vessel ele-
ments. The initiation of cambial reactivation and differentiation
of first vessel elements did not require buds or bud growth.
However, buds and/or bud growth, which might increase the
supply of IAA, appear to be essential for the continuous forma-
tion of wide vessel elements.
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