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Abstract Wood formation of trees that grow along the
seasons has an annual thythm. Due to this rhythm, physi-
ological research on the mechanism of wood formation has
been difficult to conduct in a typical experimental room. In
the present study, we observed the wood tissue formation
in a shortened annual cycle system, which was developed
for poplar trees grown in a growth chamber with dormant
and non-dormant cycles. Poplar trees were grown in this
system by repeating the cycle three times. The resulting
wood tissue consisted of three growth rings and very
similar structures were observed around the ring boundary
of the wood in a field-grown stem. This result suggests that
the shortened annual cycle system can be adopted as a
model for physiological, cell biological and molecular
research of wood and annual ring formation.
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Introduction

Wood formation has an annual rhythm in the temperate
region and the structures within the annual ring are syn-
chronized to the seasons. Typically, large vessels of ring-
porous wood are formed in spring, and thick-walled tra-
cheids in conifer wood are formed during late summer to
autumn. Annual ring is an important aspect of the physical
properties, influences texture of wood species and appear-
ance, and is significant in the field of wood research. On the
contrary, annual rhythm of the field-grown trees restricts
researchers to obtain only one chance a year to apply
experimental treatments to the stem that forms specific
types of cells or structures, and/or harvesting such stem.
Researchers have to accomplish all these activities within a
short period or prolong their experiments over multiple
years.

Although there are many physiological studies con-
ducted on trees in controlled day length and/or temperature
setting using growth chambers [1-18], there is no
description about wood formation. Most studies focused on
buds and/or shoots and their dormant status [1-14]. Only
two reports focused on tree stem grown in a growth
chamber with changing culture conditions. One report
described the amount of nuclear DNA in cambial cells of
Abies balsamea [15], while the other focused on gene
expression of bark storage protein in poplar [16]. Both
studies did not refer to wood formation inside the stem. All
those studies aimed to understand the response to changes
in day length and/or temperature. As such, the growth
condition was changed only once; the conditions did not
vary when growing trees.

We recently established a shortened annual cycle system
for poplar trees using growth chambers [19]. Poplar is
widely adopted as a model angiosperm tree [20], and the
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author continually maintains a subculture of poplar in the
growth room for the past 15 years, and produces transgenic
plants for experimental use [21-27]. In this shortened
annual system for poplar, we mimicked leaf color change,
defoliation, dormancy, bud breaking and growing within a
period of 4-5 months. Furthermore, phosphate retranslo-
cation from leaves to stem during winter condition occur-
red similar to that seen in the field-grown poplar trees [19],
and a heavily branched architecture was formed [28]. In the
present study, we grew poplar trees using this system for
three cycles, and the resulting wood tissue was compared to
that of wood grown in a field, to verify whether this
shortened annual cycle system has the potential to serve as
a model for investigating wood formation with an annual
rhythm.

Materials and methods
Plant materials

All the individuals of poplar (Populus alba L.) in this study
were ramets of the same clone, including both in the
growth room and in the field.

Cuttings of 3—5 cm length with 1-3 leaves were obtained
from subcultured poplar trees approximately 20-40 cm tall,
which were grown in a growth room (closed, 14-h light,
24-28 °C). The cuttings were placed in pots (7.5 cm
diameter, 6.5 cm depth) containing a mix of vermicu-
late:red clay ball soil (2:1). The potted cuttings were incu-
bated with water only, until rooting. After the confirmation
of new shoot growth from the axillary bud, the potted cut-
tings were placed in plastic containers (16 cm x 11 cm,
4.5 cm depth) one by one, and cultured with 2000-fold-
diluted Hyponex fertilizer (N:P:K = 6:10:5, HYPONeX
Japan, Osaka, Japan) placed at 0.5-2 cm depth. Four indi-
vidual poplar trees were cultured for three cycles of the
shortened annual cycle system described below.

As for the field-grown tree, a 3-year-old branch that
grew upright from the basal part of a tree (12 years old in
2016, 10 m approx. height and 30 cm diameter at breast
height) was obtained. The tree was planted at the Uji
campus of Kyoto University. This branch was used for the
microscopic observations of wood tissue.

Shortened annual cycle system

The culture conditions are presented in Table 1 [19]. This
system contained three stages: Stage 1 (long day, high
temperature) was carried out in the growth room as
described above, Stages 2 (short day, middle temperature),
and 3 (short day and low temperature) were carried out in a
plant growth chamber (LH-410PFD-SP, NK System,
Osaka, Japan). Duration of Stages 1 and 2 was set at 1
month each, and the duration of Stage 3 was determined
based on visual assessment of the leaves, such as if they
turned completely yellow and easily detached from the
stem due to formation of the abscission layer. Therefore,
Stage 3 had a slightly extended period (2-3 months)
compared to Stages 1 and 2. The time span of culturing for
three cycles in this system was approximately 15 months,
including new root and shoot formation of the cuttings.

Four other cuttings prepared at the same time as the
experimental samples were used as a control which was
subjected to a fixed growth condition identical to Stage 1 of
the shortened annual cycle system.

To assess the thickening growth of stems of trees, the
stem diameter of the newly growing shoot of the cuttings at
approximately 2 cm height from the basal point of the bud
was measured at the end of each stage. Similar measure-
ments were recorded at the same time for the control tree
samples as well.

Microscopy

After completing the third cycle of culture using the
shortened annual cycle system, the stem samples were cut
and preserved in FAA fixative (5% formalin, 5% acetic
acid, and 40% ethanol) until use. Transverse sections of
25-pum thickness were prepared using a sliding microtome
and stained with a mixed solution of 1% Safranin and 1%
Astra blue. After dehydrating the sections with an ethanol
series, the sections were soaked in xylene twice prior to
mounting on glass slides with Biolite (Okenshoji, Tokyo,
Japan). These sections were observed under a light
microscope (BX50, Olympus, Tokyo, Japan) along with
those from field-grown trees and control trees cultured
under fixed conditions.

Table 1 Culture conditions

Day/night (h) Period (month) Mimicked season

used in the shortened annual Stages Temperature (°C)
cycle 1 2428

2 15

3 5

14/10 1 Spring/summer
8/16 Autumn
8/16 2-3 Winter

The period of Stages 1 and 2 were set for 1 month, but for Stage 3 was determined by the leaf condition:
easily removed when it was touched. As a result, the period for the last stage had a range of 2-3 months
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Results and discussion

All the newly grown shoots of the cuttings that were cul-
tured in the shortened annual cycle system for three cycles
displayed leaf senescence during each Stage 3 and bud
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Fig. 1 Thickening growth under shortened annual cycle conditions.
The diameter of the trees under the shortened annual cycle was
measured at the end of each stage. Those of the control trees were also
measured at the same time as above

Fig. 2 Transverse sections of
poplar stem grown in the
shortened annual cycle (trees
1-4) and in the control (trees
5-8). Arrowheads indicate the
ring boundaries, and rectangles
show the magnified area in
Fig. 3. Bar = 1| mm

tree 2

breaking at the beginning of each Stage 1 during the cycle.
The stem diameter was measured at the end of each Stage
and is shown in Fig. 1. In the first cycle, the diameter of all
the trees (1-4) increased the most in Stage 1, slightly in
Stage 2, and did not change in Stage 3. Subsequently, only
tree 4 failed to grow, although it showed new leaf forma-
tion after every dormant phase. The other trees (1-3)
continued to grow in both the second and third cycles
similar to that in the first cycle. However, in Stage 2 of the
second cycle, the trees showed more growth than in the
same stage of the other cycles. The control trees, which
grew only in Stage 1, displayed linear growth during the
first 4-5 months. Later, their growth rate decreased, but the
stem diameter remained unchanged.

Transverse sections of the stem after the third culture
cycle are shown in Fig. 2. There were three growth rings
with two boundaries in trees 1-3, and two rings were found
in tree 4. Such distinct rings were not found in the stems of
control trees (5-8, Fig. 3). Magnified micrographs high-
lighting areas around the ring boundary are shown in
Fig. 3. All trees grown under the shortened annual cycle
system had structures very similar to those of field-grown
trees. Terminal parenchyma with a smaller radial diameter
on the ring boundary, and axial parenchyma cells, which
had inclusion well stained with Astra blue, were more
visible in the early wood than in the late wood. Addition-
ally, the vessel diameter in the early wood was found to be
almost twice of that observed in the late wood. A micro-
graph of control (tree 5) showed a tangential cell line with
small radial diameter (arrow in Fig. 3), but there was no
difference in the vessel diameter and parenchyma cell rate
between cells above and below this line. Within a growth
ring (Fig. 4), the trees grown under the shortened annual
cycle system showed a sudden decrease in vessel size, in
the last quarter of the ring, whereas the field-grown trees
showed a gradual decrease in vessel size during ring for-
mation. This would likely be caused by the stepwise

- tree3 - tree 4 i
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tree 5 (Control)

Fig. 3 Micrographs of annual ring boundaries. V vessel, TP terminal parenchyma, AP axial parenchyma. Only tree 5 did not form early wood;
dense tissue appearance was observed on both sides of the boundary-like cell line (arrow)
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Fig. 4 Vessel size transition within an annual ring. The annual rings
shown here were: field; the second year of 3-year-old field-grown
branch, trees 1-3; the second cycle of the shortened annual cycle
system

change in temperature and/or day length in the shortened
culture system.

These results suggest that the shortened annual cycle
system is a potential model for the physiological, cell
biological and molecular studies of wood formation with
an annual rhythm, at least between the dormant and dor-
mancy-breaking stages. To simulate more precise forma-
tion of late wood, improvements can be attempted,
specifically in Stage 2. This shortened annual cycle system

@ Springer

could also become a useful model system for field studies
such as investigating the timing between bud breaking and
cambial activity [29-32], cambial reaction to partial heat-
ing [33-35] and partial cooling [36] of tree stem. In fact,
using a similar system, it was reported that the roots alter
their functions depending on the seasons [17, 18]. This
shortened culture system would condense the duration of
research study if used as a model to test various hypotheses
prior to conducting elaborate field experiments. In addition,
it provides an easy control and the ability to manipulate the
growth conditions.
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