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Time Requirement for the Tracheid
Differentiation in Softwoods Measured

by the Inclination Date Marking
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Résumé

Date markings by the short period inelinations of a stem were attempted on the
developing xylem of 6-9 year old trees of Cryptomeria japonica, Chamaecyparis obtusa and
Pinus thunbergti. The inerement of tracheid numbers during the growing season and the
rate of traecheid produetion per one day were caleulated by the date marker of faint
compression wood ares corresponding to the artificial inclination of stems. At the same time,
the cell number contained in the differentiating xylem was examined in trees which
had some date markers in April and May and were harvested in June. Using the number
of tracheids eontained in their developing stages and the rate of tracheid production, the
time required for a tracheid differentiation was deduced. In the ease of Cryplomerie, the
time is as follows: about 3.7 days for the radial enlarging after the cell division; 8.7
days for the S;-deposition; 8.0 days for the S;-deposition; 2.8 days for the Sz-deposition;
4.7 days for secondary wall lignifieation. The total time for the differentiation of a
tracheid results in 28 days. In Chamaecyparis the times ave 2.8, 2.8, 7.7, 2.1, and 2. 6 days
corresponding to the stages of radial enlargement, S,, S; S, and secondary wall ligni-
fieation, respectively. The total one is 18 days. In Pinus the total time was only roughly
estimated about 22 days because of missing of some date markers.
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Introduction

Tracheids occupying the major part of softwood xylem are produced from the fusiform
initials in the vaseular cambium and developed to the matured ones through diffentiation
process. It is, however, impossible to trace the whole differentiating process of a tracheid
in a living tree, because the differentiating cells are nessesary to be killed and sliced
prior to the observation under microscopes. This sequence, therefore, must be deduced
from a series of differentiating cells using some assumptions. Tracheids of the softwood
are produced from the cambial cells by a regular way of perielinal divisions. The differ-
entiation of these young cells is orderly performed without any disturbance of cell
arrangement, in comparison with the case of hardwoods in which enormous expanding of
vessel elements and also remarkable elongation of wood fibers affect severely the arrange-
ment and differentiation of other cells. Especially in spring, the cell production in the
cambial zone and the following differentiation process are also constant, so that the
whole differentiating process of a tracheid could he deduced from a series of immature
tracheids from the eambial zone to the mature xylem along a radial row, apart from the
time passage of them. The series of differentiating tracheids, as the substitution of
differentiation of a living tracheid, has offered many informations on the tracheid
development.”~® Then, the developing process of tracheids is divided into several developing
stages. The first one is the cambial stage (C-stage) where the multiplication of fusiform
cells proceeds constantly in spring. The derivatives pushed out toward xylem-side from the
C-stage begin the expanding of their cell size. In the case of softwood tracheids the
expanding occurs mainly to the radial direction, so that this stage is probable to be called
to the radial enlarging stage (RE-stage). The tracheids start the secondary wall thiek-
ening, namely, the deposition of S,, 8., and Sy after the radial enlargement. Although the
construetion of mierofibrillar framework has been completed during these three stages, the
secondary wall is still flexible, because of the porous structure. The spaces within the
framework are encrusted with lignin mainly after the Ss-stage. We call the proeess final
stage (I'-stage). In the F-stage the secondary wall of tracheids becomes very rigid. As
deseribed above, a tracheid is considered to differentiate passing through the five
developing stages, namely, RE-, 8-, Ss-, S3-, and F-stages after the derivation from
the C-stage.

Then, how long does a tracheid require to differentiate via the five developing stages?
This is a more difficult problem to be traced than the case on the developing process of a
tracheid which was mentioned above. This subjeet has heen approached mainly by the peri-
odical samplings of wood blocks from a same or different specimen trees.®~? The inereas-
ing curve of tracheid numbers in the current annual ring is drawn from mieroscopie
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measurement on the periodical samples, and the rate of tracheid production per one day is
introduced from the curve. Using the rate and number of developing tracheids which
were contained in the differentiating xylem, the time requirement for the tracheid differ-
entiation has been caleulated. Results obtained there are so fluctuating from about 2 weeks
to 2 months that it is diffienlt to grasp the general time requirement for the tracheid
differentiation. It seems to be the method of periodieal samplings which cause such
ineonsistency. The increment of tracheids may be different in positions even in a tree, to
say nothing of that between different specimen trees. Also the taking out of a wood
block from a portion of living trees affects severly to growth of cambium in the wide
area around the portion and results in abnormal growth of tracheids there. Therefore, many
problems are remained in the results obtained by the periodical samplings. An interesting
approach in which internal date markers were recorded on xylem tissue was tried by
Kennedy and Farrer.® Repeatedly inelined seedlings of 6 months made distinet compres-
sion wood ares on the under-side of inclination. Using the aves as the internal date marker
and the cell number contained in the developing xylem the time for differentiation was
caleulated. Although this approach is elegant, it is a question whether the result obtained
in seedlings of only 6 months can be applied direetly to ordinary big trees. The treatment
of their inclinations seems to be considerably severe to the development of normal tracheids.

The observation of differentiating xylem in previous papers also seem to be not so
precise in relation to the developing stages. The present authors have examined in detail
the developing process of compression wood,”?® in addition to that of normal wood, so
that the method of Kennedy and Farrer® on seedlings can be extended to young trees,
which are more probable material than the seedlings, by very short period inclinations
not to disturb the differentiation of normal wood tracheids. The time requirement will be
corresponded to the more detailed developing stages, namely, RE-, 8;-, So~, Ss- and F-stages.

Materials and Metohds

Young trees of SUGI (Cryplomeria jeponmica D. Don; 5 specimen trees; 9 years old;
about 8 m high), HINOKI (Chamaecyparis obtuse Endl.; 5 specimen trees; 7 years old;
about 8.5 m high) and KUROMATSU (Pinus thunbelgii Parl.; 3 specimen trees; 6 years
old; about 2.8 m high), which had been grown at the nursery of the Experimental Forests
of Kyoto University, were offered to both short period inelinations for the internal date
marking and long period ineclinations. In the most of the former experiments, the internal
date markings were started on April 12th by the 4 days inclination and followed by the
1 day treatment on April 26th, and then by the 2 day treatment from May 10th. This
set of treatment, namely, 4-,1-,and 2-day inclinations were continued to September,
although a part of specimen trees were cut down on June 7th for the measurement of
time requirement of the tracheid differentiation. Some examples are shown in Figs. 5-8. The
inelination periods are vepresented on the holizontal axis of these figures. Specimen trees
of the long period inclinations were leaned three times, namely, April 12th-May 12th,
June 12th ~July 12th and August 12th - September 12th. In all experiments the stem of
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speeimen trees were fixed with a long splint without the bottom position and kept at
15 or 45 degrees from the vertical direetion by leaning of the splint. Although the
bottom position of each stem was curved, other parts were preserved straight along the
leaned splint during the treatment. After the inelination the leaned stems were recovered
to the original vertical position with the splint until the next treatment. After the
harvesting, the specimen trees were separated into small blocks, soaked inte gltaralde-
hyde fixative and preserved in a refrigerator. Some parts of the blocks were embedded in
the epoxy resin after the post-fixation with osmium tetroxide.

Wide sections of 30-40 #m thick containing overall transverse section of a stem (see
Figs. 1A and 3) were taken at the various points from the top of the stem to the bottom,
and mounted in canada balsm. Succeedingly, thin section of 2 z#m thiek and ultrathin
sections of about 0.1 zm thick were taken from the embedded specimen block by Sorvall
JB-4 semiultramierotome and Porter MT-1 ultramicrotome attached with a glass knife or
a diamond knife. The thin sections were put on a glass slide and stained with safranini®
and observed by ordinary light (Figs 2 and 4) and polarization mieroscopes. The ultrathin
sections were stained with uranyl-acetate or shadowed by Pt-Pd alloy, and examined by a
transmission electron miecroscope (JEM-7).

Results and Discussion

First of all, the effeet of periodical inelination for the internal date marking was
traced on the current annual ring, in addtion to the examination of influences of the
artificial treatments on the cambium. The periodical marks could be detected as dark
colored bands, namely, feeble compression wood aves. These ares were the most noticeable
at one side on the overall transverse section of a stem where the cambium was forced to
be lower-side during the inclination, and spread to both lateral-sides (Figs. 1A and 3).
As the width of aves at the lower-side was affected by the period of inelination, so each
marker could be identified without confusion with the next date marking. For instance, a
set of ineclinations of 4 days (April 12th) , 1 day (April 26th) and 2 days (May 10th)
was expressed by a series of wide-, narrow- and medium-sized arcs, respectively (Fig. 1B).
Then, the oceurrence of ares was surveyed along the stem axis from the top of a tree to
the bottom. As the result, the ares were wide and clear near the top and became weaker
to the bottom. Thig implies the upper position of a stem is more sensitive to the stimulus
of an inelination. The limit where the are of one day inclination could be surely detected
was about 2 m from the top in SUGI and 2.5 m in HINOKI., However, the compression
wood are was weaker in KUROMATSU, so that the one day ares were often missed at the
lower position than 1 m from the top (Fig. 6).

On the other hand, the production of tracheids seemed to be activated by the artificial
inelination. For instance, when tracheid numbers of the current annual ring in a tree
of HINOKI which was leaned for 1 month intervals in early spring (4/12-5/12), in
transition from spring to summer (6/12-7/12) and in late summer (8/12-9/12) were com-
pared between the lower-side of inclination having the center of compression wood arcs
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and two lateral-sides where the ares became very weak and the original condition of cell
production may be preserved well (Fig.3) , the tracheid number of the lower-side at the
1.5 m position was about 2 times to those of the lateral-sides. But, examined more in
detail, the numbers to the outer edge of the first are were not so different between at the
lower-side and at the lateral-sides, whereas the numbers to the second or third ares at
the lower-side were much larger than those at the lateral-sides. These results imply the
aetivation of cambium caused by the artificial inelination is noticeable especially in summer.
The influence of the inclination deereased from the top to the bottom. In the case of the
short period inelinations (Fig. 1A and B) the influence was reduced remarkably, and it
beecame negligible at the about 1.5 m from the top where the compression wood ares were
very narrow, although the inclination only in summer may cause a slight increase of cell
production. It is desirable, of course, for this study that the steady date markings are
recorded without artificial influence on xylem tissue of the position as bottom as possible
where the tissue is older than that of the top position. Considering these points, the stem
of 1.5-2.3 m position from the top where the stems have annual rings over 5 years were
mainly used for the examination of the time requirement for tracheid differentiation. But
in KUROMATSU, younger stems were necessary to be used on account of the weakness
of ecompression wood ares.

Suceeedingly, the compression wood ares were examined more precisely on the thin see-
tions. The long period inelination induced the typiecal compression wood are accompanying
with two types of transitional zones: one was the zone from normal wood to compression
wood, another was from compression wood to normal wood. It has been proved that stimuli
of inelination and recovery affect directly to all differentiating tracheids and form the
transition zones of two types.®®10In the case of short period inclinations, however, an
immature tracheid must be affected during its differentiation by two times of stimuli
induced by the inclination and also the recovery, so that deveolping process of the tracheid
is changed first from the normal wood type to the compression wood type, and next recov-
ered to the normal one. When the stimulus of a short period inclination is added to a
series of differentiating tracheids, some characters of compression wood must be recorded
to each tracheid, even though the characters are different according to the period of
inclination and to the developing stage to which each tracheid belongs at the time of
inelination.

In PFig. 4 some characters of compression wood recorded in mature tracheids are repres-
ented. On the relatively wide arves (see Fig. 4A), intercellular space, thicker and highly
lignified S, a faint lignin-rieh layer between 8, and S were sculptured in the tracheids from
the outer part of ares to the inner one, while the faint lignin-rieh layer could be detected
at one or two rows of tracheids on a very narrow arc (see Fig. 4B). In the ultimately
feeble arc the lignin-rich layer could be detected only at corner region of a tracheid. Then,
this charaecter was chosen for the date marker. A tracheid having only the faint lignin-rich
layer between S; and S; is considered to be the tracheid which belonged to the Sy~depositing
stage at the inelination, because the stimulus of inelination ‘affeets immediately developing



tracheids, as already mentioned.

Based on these observations the increasing of tracheid number was traced on the sections
of specimen trees from April to September using the date markers (Figs. 5A and 6). The
rates of tracheid production per one day(R), ealeulated from the increment curve, were
maximum in May and decreased gradually to July, although it increased sometimes slightly
in August or September (Figs. 5B andg).

If the specimen trees are harvested in June after the several date markings, they are
expected to bring a reliable curve of the rate of tracheid production because of their rela-
tively constant produection of early wood tracheids (Figs. 5B and ). Therefore, these trees
were offered to the measurement of the time requirement for the tracheid differentiation.
That is, the tracheid numbers(N) from the annual ring boundary of the preceding year
to each maker of the treatments of April 12th, April 26th and May 10th were measured.
In addition to these numbers, the number to the cell just depositing 8, in the differ-
entiating xylem, which can be considered to correspond to the maker cells in the compression
wood ares as mentioned above, was counted. Some examples of tracheid number to the
marker cell in ares and also to the S;-depositing cell at the harvesting point, June 7th,
are represented in Figs. 7 and 8. The rate of tracheid produetion per one day(R) was taken
from the differential ealeulus of the numbers. The values of 0.7 in Fig. 7 and 2.0 in
Fig. 8 imply the rate at the harvesting point, June 7th. It is interesting to note that the
reciproecal number of them (1/R) results in the time difference from the C-stage between
neighboring tracheid along a radial row. Therefore, the time requirement for a tracheid to
move to its neighboring position in a radial row toward the mature-side results in 1/R
days, so that the time(t) required for passing through a particular developing stage can
be obtained by multiplication of 1/R by the cell number(un) contained in the developing
stage, namely, t=n/R.

For this deduetion the tracheid number(n) contained in developing stages at the point
of harvesting must be examined. They were obtained from the specimen trees harvested
on June 7th in each species by a combined technigue of various mieroscopies on serial
sections. For instance, the number in the RE-stage was judged from the cell size on
radial direction. Those of S;-, S~ and S;- stages were detected under a polarization and a
trasmission eleetron microscope. In relation to the F-stage the result of some previous
papersP~¥9 10 were also referred for the measurement of the number in addition to the
staining effect of safranin and the decreasing of eytoplasm during the lignin deposition.

The time requirements for the developing stages of a tracheid obtained by this method
were very similar between specimen trees of SUGI and also between those of HINOKI.
The averaged time requirements in SUGI are as follows: 8.7 days for the RE-stage; 8.7
days for the S;-stage; 8.0 days for the Sy-stage; 2.8 days for the Sy-stage; 4.7 days
for the F-stage. As the result, tracheids were shown to need 23 days for their whole
differentiation. On the other hand, in HINOKI they needed 2.8 days for the RE-stage, 2.8
days for the S;-stage, 7.7 days for the S,-stage, 2.1 days for the S;-stage and 2.6 days
for the F-stage, and the total time of differentiation is 18 days. The time requirement
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for the C-stage is diffieult to be deduced by this method, as the perielinal cell division
is still repeated in the stage. In KUROMATSU the precise date marking failed regret-
ably, beeause of missing of one day inclination. Although the result obtained in KURO-
MATSU should be considered only a reference, the total time for differentiation is about
22 days. Judging from these results, the roughly estimated time requirement for whole
differentiation of a softwood tracheid seems to be about 3 weeks, the period of which is
shorter than that of some previous papers caleulated by periodical samplings. This value
is very usuful to disecuss the various metabolisms in differentiatlng xylem. It is, how-
ever, a future problem whether this time requirement can be directly applied to the tracheids
during the summer wood formation. Other internal date markings such as the pinning
method*®1® and the electric stimulation!® are expected to bring new data on the summer
wood formation, if the precise date marking becomes possible on the particular tracheid
without any artificial influence caused by the treatments.
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Pig. 3 Overall view of a stem section at 1.5 m from
the top in a treec of HINOKI which was treatd three
times by one month inelination. The current annual
ring has three compression wood aves at the lower-

side of inclination (arrows).

Fig. 4 Characters of tracheids contained in a com-

pression wood are of 2-day inelination(A) and 1-day
inelination (B) in SUGI. The are of A is composed of
some tracheids having various characters of compres-
sion wood, namely,” intercellular space (thick arrows)”,
“thick and highly-lignified secondary wall (asterisks)”,
and “faint lignin-rvieh layer between 8; and 8, (arrow
heads)”. These characters are weaker in B. Cells
having the faint lignin-rieh layer at the eell corner
(sce arrow heads) were used as the marker eell.



Tracheid numbers

per one day

Tracheid production

F

Tracheid numbers

F

25 - T~

A

A—A 0.5m from the top o

O0~-0 1.0mfrom the top A/A 0/0
. O—D 2.0mfrom the to & 6O

100 pA/ o D/D

[+] 541 2 ™ X » P} 3 u....L 1
o #112,26,5/10, 28, 6/14,28, 7/12,26, 8/9,23, 9/9, 20

B ' A0.5mfrom the top
©1.0m from the top

X rﬂ\g\a H2.0mfrom the top
—
L

1=, A 1 R . ‘ .‘:

4/12,26,5/10, 28, 6/14,38,7/12,26, 8/9, 23, 9/6, 20
‘Dates of short period '1n51m§ti'onls ’

-

ig. 5 The number of tracheids produced from
April to September at three positions from
the top in a tree of SUGI(A), and the
tracheid production per one day (B). Long-,
short- and medium-sized lines on the holi-
zontal axes show the period of inelinations,
namely, 4-, 1- and 2~ days, respectively.

-:

A2 b T PR N |
/ ~105

<

Tracheid production per one day

1 H
0 /12 4/26 5/10 6/7
Dates of short period inclinations and harvest

ig. 7 The number of tracheids (solid line)
produced at 1,7 m from the top in a tree of
HINOKI and the tracheid produetion per
one day (dotted line). On June 6th when
the tree was harvested, tracheid production
per one day is 0.7.

00 RINOKI /éﬁ
o

‘A——A KUROMATSY

100}~
A/

PYRPRTTOT. 'S Sl

sor A——A KUROMATSU

1

Tracheid numbers

A
(Y W i
Tyt . g
~

Tracheid production per one day

1. E} = b X, L 3 i k- 2 1 -3
4712, 26, 5/10, 28, 6/14,28, 7/12,26,8/9, 23, $/6, 20
Dates of short period inclinations

TFig. 6 The number of tracheids (solid lines)
produced and the tracheid production per one
day (dotted lines) at 1.5m from the top in
a tree of HINOKI and at 1.3m in a tree
of KUROMATSU.

100}~ 2
a
9 2§
W b
£ o g
2 Binteiule 1 g
o 504 i
© -1 3
o,

G 4
-] o
e J o=
2
&
L. G X ] 1 ()p-‘:

4/12 4/26 5/10 6/7

Dates of short period inclinations and harvest

Fig. 8 A similar diagram of fig. 7 at 2.3 m
from the top in another tree of HINOKI.
On June 6th, tracheid produetion per one
day is 2.0.



