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Investigation of Bordered Pit Ultrastructure in Tracheid of
Korean Red Pine (Pinus densiflora) by Confocal Reflection Microscopy*
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ABSTRACT

Confocal reflection microscopy (CRM) was utilized to create 3-dimensional images of bordered pits and cell wall in
the tracheid of Korean red pine (Pinus densiflora). Ultrastructures of torus, margo, and pit border were clearly ob-
servable in the CRM micrograph. Micrograph of cross-field pit revedled the connecting and supporting structure between
tracheid and ray parenchyma cell. The CRM micrographs enabled to investigate detailed structures of tracheid cell wall
such as S1, 2, S3 layers, transition layers between these layers, and microfibril (MF) orientation in S3 and S2 layers
as well as complicated distribution of MF orientation around bordered pits. Not only concentric MF orientation of border
thickening in the pit border was observed, but aso changes in MF orientation from the cell wall to the border. From
the experimental results, the CRM was thought to be a versatile microtechnique to investigate detailed structures of cell
wall and bordered pit in the tracheid and cross-field pit between tracheid and ray parenchyma cell.
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Fig. 1. Micrographs by CRM from the cross section
of Korean red pine. Bordered pits captured by CRM
Scale bar = 10 pum.
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Fig. 2. Bordered pits between tracheid and ray tra-
cheid (white arrows) in Korean red pine. Scale bar =
10 pm.
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Fig. 3. Micrographs of the cross section of crossfield
pits between tracheid and ray parenchyma cell in
Korean red pine. Supporting structures for the thin
wall of the ray parenchyma cell were found (outlined
arrows). Bordered pits with torus (white solid arrows)
were clearly visble (@) and (c). Scale bar = 10 pm.
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Fig. 4. Bordered pits on the radid cell wall of trache-
id of Korean red pine. Maximum intensity projection
(MIP) of Z dlices of micrographs by CRM and CLSM
(@). 3-dimensional image recondtruction was per-
formed on the same Z dices of the micrographs (b).
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Table 1. The thickness and polymer contents of the cell wall layers (Bergander and Salmen, 2002)

Layer Thickness (um) MFA (0) Cellulose (%) Hemicellulose (%) Lignin (%)
3 0.03 70 48 36 16
S2 16 10 50 31 19
S1 0.15 -70, +70 28 31 41
P 0.1 - 15 33 52
M 0.3 - 0 44 56
Totd 218 40 33 27

(b)

Fig. 6. (a) Sectiona views in the YZ (left column) and XY (right column) planes. The white arrows on the left
column indicate Z positions in the thickness direction of the radial cell wall. At each position the internal struc-
ture of the radial cell wall was revealed. Changes of microfibril orientation were visible at different position.
(b) Sectional views in the YZ (left column) and XY (right column) planes. The white arrows on the left column
indicate Z positions in the thickness direction of the radia cell wall. At each position the interna structure of
the radial cell wall was revedled. Changes of microfibril orientation were visible at different position.
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Fig. 7. Sectional views in the YZ (top row) and XY
(bottom row) planes showed microfibril running on
top of and around the border of the pit. (a) and (b):
Sectional views from the YZ plane showed that the
border is extended part of the cell wall. The Z posi-
tion was at near S1 layer or closer to the compound
middle lamella. The X position was the same, but
the Y and Z positions were different. (&) and (b'):
The view in XY plane at the different Z positions.

1596 (23 2|71d), 1516 (53} 0|39 315 2
a4), 1504 (PE)2 X315 ¢ich(Donadson 1985).
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Fig. 8. Two proposed patterns of microfirils between
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S25& 7 HEeR tE 24 fACAN wEd
o, S22 $4 FEolMe =EES A7t 719
glomz "iAlE 7o) TSR] ke AeR 4
St whebA, Figs. 63} 79] Al=H o] 4o
HAs= e 5 FolA oFA Hole Fi2

£ 939 EAE HoAFE Ao] ozt dAR=

(Abe 5 1991, 1995, 1997; Abe?} Funada 2005;
Brandstrom %, 2003; Donaldsonx} Xu 2005; Khalili
5 2001004 BHEQYE AEEe] wE pxe} K
At Aow wekE|c,

QUIHT U YUHT Fe1o| njo|2
=

Fig. 7-aoX 852 Aol A AlZkste] Hgel

O oJojFA Byddo] ke Aol HaE A

= & 7 A%k W Fg. 7-bolA= S350l B

A= ol Hit) He] Ao s ojofx]= FEHE

T ARl XY g 24 AN 25

— 352 —



FERAWAEN S o83 2T FANTY ZuPE AT
3 olulHol it AEHu Wl AFEL R slwy AEy @ 59u3e 3 L ol
(Fig. 7a9] +23e] shtam)e] molts @Ay stol FANTY Beis, =T, HFA 722 o
Ao e SUES BAY £ AUCH, ATH R ZUGIA BEY S Uglon, wRopFe 7
oM AFEe] MFAL] F ALt WHe] AEH I PARAT Aole] AATE W PARAE
o olojAlt: MFe] wjF(Fig. 7-a o SHHRE B Yo

z 4= ik

Sedighi-Gilani 5-(2005)2 CLSMI} HFEAL o]
&sto] A Fe] HEAT = Al o] MF vy
3]

off

Afol o] MF wjaf Hzo| tfat
x| =E(Fig. 82 Alstect.

Figs. 6-a, 6-b, 7-a, 7-b’ o4& Sedighi-Gilani
(2005)0] ZA MF wjs} HEs gHos @
5 Ul o BHEAAN HFAY o
W AEHe] MF i3S A AE Bl $hdstA
o] WAL grotch CRME ARg3te A|ZH o)
g BHolMO] MF g s
CLSME ARSRH MF 2% 2348 7lgto R st
oA AAIE MF wligkt 2po]7h WgstEE A
2 geE ok

Fig. 7-a9} 70 2H9A7} oF7k the FolA
AL GANF| B, Fig. 7-0 o4 Fig.
7-aol v Eejso vzl o Wi wi
ek EZE T SPollM= 14 Az
MF g oF7h Th2 opihe mglom], 249X

B E

-

)
fal

lo H b odm oo ANk ofn

1%
oH
o
g
' Lo

o
w2 A22H O] MF vigks HdstA E48 & S
= & & A3tk ofHfR CRM 3He] 542 74
By = W g Ato]o] MF ufgkoll sl ARt
A5 st e 83 o862+ e
Ao AAF
4. 2 E

CRM o]-g3to] Ay 7hmhe] A Z )
M3 309l S 5
of ERe| Zul TS YAHOE ATY 5

g
[eJie) 2~
AL & 4 A

12
L)
Y
N
>
iy
N
L
s
v K
2
8
8
_\3
o,

| -
=
A spelat 4 99

(o]
40 ol et

N
e
-
m o
<
il
ofN
ot
ol
ol
2
T
32
filo
= 4
(@]
)
<

T

bEghe] AEu foduE

%) Apolof] Uehbe miopdgol ulA T

EEEREELASE B
]

o

o NP
oL
g
_>I(_i

ok
o
u
>
oR
i,
4
;:O
alle
o
e
4 f
%0
32
T

REFERENCES

Abe, H., Funada, R. 2005. Review - The orientation
of cellulose microfibrils in the cell walls of tra-
cheids in conifers. IAWA Journd 26(2):
161~174.

Abe, H., Funada, R., Imaizumi, H., Ohtani, J,
Fukazawa, K. 1995. Dynamic changes in the ar-
rangement of cortical microtubules in conifer tra
cheids during differentiation. Planta 197(2):
418~421.

Abe, H., Funada, R., Ohtani, J., Fukazawa, K. 1997.
Changes in the arrangement of cellulose micro-
fibrils associated with the cessation of cell ex-
pansion in tracheids. Trees 11(6): 328~332.

Abe, H., Ohtani, J, Fukazawa, K. 1991. FE-SEM
observations on the microfibrillar orientation in
the secondary wall of tracheids. IAWA Bulletin
12(4): 431~438.

Abraham, Y., Elbaum, R. 2013. Quantification of
microfibril angle in secondary cell walls at sub-
cellular resolution by means of polarized light
microscopy. New Phytologist 197(3): 1012~
1019.

— 353 —



He7

Anagnost, S. E.,, Mark, R. E., Hanna, R. B. 2000.
Utilization of soft-rot cavity orientation for the
determination of microfibril angle. Part |. Wood
and Fiber Science 32(1): 81~87.

Anagnost, S. E., Mark, R. E., Hanna, R. B. 2002.
Variation of microfibril angle within individual
tracheids. Wood and Fiber Science 34(2):
337~349.

Bergander, A., Brandstrom, J.,, Danidl, G., Samen,
L. 2002. Fibril angle variahility in earlywood of
Norway spruce using soft rot cavities and polar-
ization confocal microscopy. Journa of Wood
Science 48(4): 255~263.

Bergander, A., and Salmen, L. 2002. Cell wall prop-
erties and their effects on the mechanical proper-
ties of fibers. Journal of Materials Science 37(1):
151~156.

Brandstrom, J. 2004. Microfibril angle of the S-1
cell wall layer of Norway spruce compression
wood tracheids. IAWA Journal 25(4): 415~423.

Brandstrom, J.,, Bardage, S. L., Danid, G., Nilsson,
T. 2003. The structural organisation of the S-1
cel wall layer of Norway spruce tracheids.
IAWA Journa 24(1): 27~40.

Donaldson, L. A. 1985. Critical assessment of inter-
ference microscopy as a technique for measuring
lignin distribution in cell walls. New Zeadand
Journal of Forestry Science 15(3): 349~360.

Donaldson, L., Frankland, A. 2004. Ultrastructure of
iodine trested wood. Holzforschung 58(3):
219~225,

Donaldson, L., Xu, P. 2005. Microfibril orientation
across the secondary cell wall of radiata pine
tracheids. Trees-Structure and Function 19(6):
644~653.

Donaldson, L. 2008. Microfibril angle: measurement,
variation and relationships - a review. IAWA
Journal 29(4): 345~386.

Fengel, D., Wegener, G., 1983. Wood: Chemistry,

Ultrastructure, Reactions. De Gruyter, Berlin,
Germany.

Hacke, U. G., Jansen, S. 2009. Embolism resistance
of three boreal conifer species varies with pit
structure. New Phytologist 182(3): 675~686.

Jang, H. F., Seth, R. S. 1998. Using confocal micro-
scopy to characterize the collapse behavior of
fibers. Tappi Journal 81(5): 167~174.

Jang, H. F., Seth, R. S, Wu, C. B., Chan, B. K.
2005. Determining the transverse dimensions of
fibers in wood using confocal microscopy. Wood
and Fiber Science 37(4): 615~628.

Jansen, S., Lamy, J. B., Burlett, R., Cochard, H.,
Gasson, P., Delzon, S. 2012. Plasmodesmatal
pores in the torus of bordered pit membranes af-
fect cavitation resistance of conifer xylem. Plant,
Cell and Environment 35(6): 1109~1120.

Kasarova, S. N., Sultanova, N. G., Ivanov, C. D.,
Nikolov, I. D. 2007. Analysis of the dispersion
of optical plastic materials. Optica Materials
29(11): 1481~1490.

Khdili, S., Nilsson, T., Daniel, G. 2001. The use of
soft rot fungi for determining the microfibrillar
orientation in the S2 layer of pine tracheids.
Holz Als Roh-Und Werkstoff 58(6): 439~447.

Kitin, P., Fujii, T., Abe, H. Teakata, K. 2009.
Anatomical features that facilitate radial flow
across growth rings and from xylem to cambium
in Cryptomeria japonica. Annas of Botany
103(7): 1145~1157.

Leney, L. 1981. A technique for measuring fibril an-
gle using polarized-light. Wood and Fiber 13(1):
13~16.

Maschek, D., Goodell, B., Jdlison, J., Lessard, M.,
Militz, H. 2013. A new approach for the study
of the chemica composition of bordered pit
membranes. 4Pi and confocal laser scanning
microscopy. American Journal of Botany 100(9):
1751~1756.

— 354 —



o

Oldenbourg, R. 1999. Polarized light microscopy of
spindles. Methods in Cell Biology 61: 175~208.

Peter, G. F., Benton, D. M., Bennett, K. 2003. A
simple, direct method for measurement of micro-
fibril angle in single fibres using differentia in-
terference contrast microscopy. Journal of Pulp
and Paper Science 29(8): 274~280.

Reis, D., Vian, B. 2004. Helicoidal pattern in secon-
dary cell walls and possible role of xylans in
their construction. C. R. Biologies 327(9):
785~790.

Schulte, P. J. 2012. Computationa fluid dynamics

ZAVARERIAE ol g3 ALY SN Be] ZngTE AT

models of conifer bordered pits show how pit
structure affects flow. New Phytologist 193(3):
721~729.

Sedighi-Gilani, M., Sunderland, H., Navi, P. 2005.
Microfibril angle non-uniformities within normal
and compression wood tracheids. Wood Science
and Technology 39(6): 419~430.

Wang, N., Liu, W, Peng, Y. 2013. Gradua tran-
sition zone between cell wall layers and its in-
fluence on wood elastic modulus. Journa of
Materials Science 48(14): 5071~5084.

— 355 —



