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SUMMARY

The kinetics of xylem formation of two-year-old plants of Picea abies [L.] Karst exposed to
different air temperatures were studied in a model system. We simulated a continuous decrease
of the air temperature from 26 to 2 °C (experiment 1) and an abrupt decrease of the air tempera-
ture from 10 to 5 °C (experiment 2). The kinetics of cell development were registered by high
resolution laser measurements in combination with microscopical methods (accuracy: +2 pm,
spatial resolution of 12.1 to 38.43 um, temporal resolution < 1 s). In experiment 1 the offset
of cambial cell divisions was induced at higher temperature (<8°C) than the offset of the sub-
sequent steps of cell development (cell expansion (<6 °C), secondary wall formation (<5 °C),
and lignification (<2 °C)). The abrupt decrease of the temperature from 10 to 5 °C (experiment
2) interrupted cell expansion, but secondary wall formation and lignification kept unaffected.
From the results it is concluded that to a certain level complete tracheid formation is guaran-
teed at the end of the vegetation period by the differing critical temperatures for cambial cell
divisions, the formation of the secondary cell wall, and the lignification. However, a fast and
abrupt decrease of the temperature can interrupt developmental steps of xylem formation and
can cause incomplete tracheid formation.
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INTRODUCTION

During recent years, significant changes in global climate were observed. Climate models
predict an increase of extreme weather conditions in Central Europe during the next decades
(Intergovernmental panel on climate change, www.ipcc.ch). In particular, climatologists as-
sume that the number of periods of unusual low and high precipitation and temperatures will
increase.

The temperature of the air is a major exogenous factor influencing wood formation in trees
(Vysotskaya & Vaganov 1989; Dodd & Fox 1990). Dendroecological investigations showed
a significant influence of the temperature on the rate of cambial cell divisions (Fritts 1976).
Biochemical and physiological processes involved in cell expansion, the formation of the sec-
ondary cell wall, and the lignification of the cell wall are also correlated with temperature.
Recent microscopical investigations of Gricar et al. (2005, 2006) elucidated the impact of an
abrupt decrease of the air temperature on the structure of the cell wall of tracheids in Abies alba
and Picea abies. Consequently, it is expected that changing temperature conditions related to
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global climate change will have a strong impact on wood formation in trees. However, due to
methodological limitations information on the development of xylem cells in situ under diffe-
rent temperature conditions is rare. In a recent methodical approach we were able to date radial
cell expansion of cambium derivative cells in situ in a high temporal resolution using high reso-
lution laser measurements in combination with anatomical studies (Diinisch et al. 2003, 2006).
In the subsequent study we applied this method to investigate the kinetics of tracheid formation
in Norway spruce (Picea abies [L.] Karst.), the most frequent forest tree in Central Europe. In
growth chamber experiments we simulated (1) a continuous decrease of the air temperature
from 26 to 2 °C and (2) an abrupt decrease of the air temperature from 10 to 5 °C.

MATERIAL AND METHODS

Plant cultivation and growth conditions

696 experimental plants were obtained from seeds from two proveniences located in the Harz
mountains, Germany (seed provenineces 840-10, 840-13). The seedlings were cultivated after a
two month breeding period ( “Knop” nutrient solution, sand culture), in a standard soil substrate
(Diinisch et al. 2006). During the first year of growth the plants were cultivated in the greenhou-
se (frost free, natural light; Fig. 1). In the second year of growth the plants were transferred to
growth chambers one week before starting the experiments and cultivated at 26 °C and 16/8
hours day/night cycle (relative humidity of air: 60 %). The plants were watered daily. In order
to study the influence of the air temperature on the formation of tracheids two experiments were
carried out.

“§ Fig. 1: Cultivation of the experimental
plants (Picea abies [L.] Karst.) in the
greenhouse.

Experiment 1: Simulating the decrease of the air temperature from summer to the end of the
vegetation period in October, we decreased the air temperature in the growth chamber stepwise
(one week intervals) from 26 to 2 °C during a period of 14 weeks (selected temperatures: 26, 22,
18,14, 10,9,8,7,6,5, 4,3, 2 °C; Fig. 2). The experiment started at June 12, 2002.

Experiment 2: The second experiment was carried out in order to simulate an abrupt decrease
of the air temperature at the end of the growing season. After the stepwise (one week intervals)
decrease of the air temperature from 26 to 10 °C (according to experiment 1), we decreased the
air temperature in the growth chamber from 10 to 5 °C (regulation of the air temperature in the
chamber lasted approximately 30 minutes). 50 % of the plants served as controls and remained
in a growth chamber with an air temperature of 10 °C. The experiment also started at June 12,
2002 (Fig. 3).

Determination of the kinetics of xylem cell development

The kinetics of xylem cell development were studied according to Diinisch et al. (2003) and
Diinisch & Riithmann (2005) by high resolution laser measurements in combination with micro-
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scopical observations. Light mi-

30 croscopical observations revealed
25 no periderm formation, dilata-

tion of rays or a collapse of sieve
20 tubes in the phloem (Diinisch &

Bauch 1994; Diinisch et al. 2003).
It was therefore assumed that the
increase in shoot radius detected
10 by the measuring device was due
to the formation and expansion of
cambium derivatives.
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Fig. 3: Air temperature (°C) in the growth chamber (experiment 2; of 3 shoot segments, the profile
beginning June 12, 2002). of the shoot circumference/cross

section was calculated and visu-
alized by the MEL software package. The measuring device allows the quantification of the
cross-sectional area of the shoot within a circle area of 4.52 m? as a maximum without move-
ments of the shoot affecting the accuracy of the measurements. The data and the cross-sectional
profiles were stored in a computer (i-Control, MEL GmbH) at 1 to 60 s intervals. During each
measuring interval, the laser light was switched on for 20 ms only in order to avoid an impact
of the laser light on the cambial activity of the plants.

The radial diameter of the phloem and xylem cells of the shoot portion analysed by the laser
measurements were quantified in order to explain the significance of the increment curves of
each laser line in terms of cell production and radial expansion. After harvest the samples were
fixed in a FAA solution. The relevant shoot portions were embedded in polyethylene glycol
(PEG 1500) with increasing concentration (PEG 1500:H,0, 1:2, 1:1, 2:1, 1:0, 1:0). For identifi-
cation and the histometrical analyses of the phloem and xylem cells, transverse sections (5 um)
were prepared from the shoot portions analysed by the laser measurements. For identification of
the phases of primary wall formation, secondary wall formation, and lignification, the sections
were stained with safranine (1%).
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For the comparison of the laser measurements and the histometrical data the microphotographs
of the sections and the shoot profiles obtained from the scanning unit were overlapped and
adjusted. The histometrically determined radial diameters of the xylem and phloem cells were
compared with the radius increment obtained from the laser measurements during a distinct
growth period along the radial transects through the tissue using the technique of Diinisch &
Bauch (1994) and Diinisch et al. (2003). Maximum conformity between the two data sets was
correlated with the program SYSTAT by means of Boolean algebra. If one laser line did not fit
with a radial cell row (overlap in the tangential direction < 80 %) or if during a distinct growth
period the radius increment differed more than 2 um from the radial diameter of the cell, it was
not possible to time the enlargement of the individual cell.

The duration of radial cell expansion of cambium derivative cells was calculated as the histo-
metrically determined radius increase of the derivative cells (compared to the cambium cells)
per time period (obtained from the laser measurements). The period for the formation of sec-
ondary cell walls and their lignification was calculated as the time period between the date of
sample collection and the date of the offset of radial cell expansion.

Measurements were carried out at three plants per treatment. The period of measurement was
two days per plant.

Histometrical measurements

Transverse sections were prepared with a sliding microtome (Reichert, Austria; section thick-
ness: 15 um). The sections were stained with 1 % safranine. The sections were covered with
coverslips. The cross sections were used to determine the radial diameter and the cell wall cross
section area of the tracheids. The diameter and the cell wall cross section area were measured
at microphotographs with the image analysing software package Analysis. For each treatment
10 cells with exactly dated phase of radial cell expansion were analysed.

Quantification of the lignin content of the cell wall

The lignification of the cell wall was studied by cellular UV-microspectrophotometry. Xylem
samples (I mm x 1 mm x 3 mm) were fixed for 12 hours in a 4 % solution of glutaraldehyde in
0.1 M phosphate buffer (pH 7.2). After washing with the same buffer solution, samples were
embedded after dehydration (acetone series) in Spurr’s resin (Spurr 1969). Semi-thin transverse
sections (1 um thick) were prepared by a diamond knife, placed on quartz slides and mounted
in immersion oil with quartz coverslips. The UV-absorbance of the cell wall was quantified
by a universal micro-spectralphotometer (UMSP 80, Carl Zeiss, Germany, software package
Apamos) at a wavelength of 280 nm (Koch & Kleist 2001). Data presented for each treatment
represent mean values of 10 tracheids.

Statistical analysis

The mean value and the standard deviation of each parameter were calculated. The significance
of differences between species and anatomical parameters was assessed by ANOVA atp <
0.05 by Fisher’s F-test.
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RESULTS

Influence of a continuous decrease of air temperature from 26 to 2 °C on the kinetics of tra-
cheid formation (Experiment 1)

Cambial cell divisions occurred at air temperatures between 26 and 8 °C (Fig. 4). The highest

R RS  rate of cambial cell divisions was
i 1 | significantly correlated with the
air temperature.
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Radial expansion was induced in
differentiating tracheids at temper-
atures higher than 6 °C (Fig. 5a).
Radial cell expansion lasted 4.3 to
9.1 hours. The speed of radial cell
expansion (Fig. 5a) as well as the
radial diameter of the tracheids
(Fig. 6a) were not correlated with
the temperature of the air.
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Formation of secondary cell walls

was observed in tracheids at tem-
year-old plant (Picea abies [L.] Karst) of experiment 1. Sequence of

ca : . : peratures higher than 5 °C (Fig.
xylem cell formation in relation to the air temperature (°C) in the 5b). Microscopical observations
growth chamber.

showed that cambium derivative
cells which entered the phase of
cell expansion also formed com-
plete secondary cell walls. The
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Fig. 5: Kinetics of —a: Radial cell expansion (um h-1). —b: Formation days. No correlation was found
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. . Influence of an abrupt decrease of air temperature
Radial cell diameter [ym] Jrom 10 to 5 °C on the kinetics of tracheid formation

30
@ (Experiment 2)
20

In agreement with the results obtained in experiment 1,

10 after the decrease of the air temperature from 10 to 5
°C no further cambial cell divisions were induced. The

0 abrupt decrease of the temperature interrupted ongoing
radial expansion of tracheids during cell differentiation

Cell wall area [um?] with a time delay of approximately 40 minutes (Fig. 7).
600 Consequently, tracheids formed under this condition had
a lower radial diameter compared to tracheids formed

400 at a constant temperature of 10 °C (Fig. 8, Fi. 9a). The
formation of the secondary cell walls also occurred at

200 a temperature of 5 °C. Tracheids formed at 5 °C also
formed complete secondary cell walls. No significant

0 difference in cell wall area was found between tracheids

.. _ formed at 10 °C and tracheids formed at a temperature
0.6 Extinction (A=280 nm) of 5 °C (Fig. 9b). The lignin content of the cell walls
formed at 5 °C was slightly reduced compared to the
lignin content of cell walls formed at a constant tem-

4
0 perature of 10 °C (Fig. 9c¢).

0.2

DISCUSSION

2 5 6 10 18 26

Temperature [°C] High resolution laser measurements in combination with
microscopical studies offer a chance to study cambial
Cell wall cross section area (um?), -c: Uy activity and cell differentiation of cambium derivative
absorbance (A=280 nm) of the S2 layer of the cells in model systems. This methodical approach al-
cell wall (extinction) of tracheids in relation Jowed three-dimensional studies especially on the kinet-

Fig. 6: a: Radial cell diameter (um). —b:

to the air temperature in the growth chamber
(experiment 1). Mean values + standard
deviation.

ics of radial cell expansion. Classical methods to study
cambial growth and cell differentiation like dendrome-
ter measurements (Mitscherlich et al. 1966; Fritts 1976)
and repeated sample collections for subsequent microscopical analyses of the tissue (Barnett
1992; Farrar and Evert 1997a, b) have the disadvantage of comparable low spatial and tem-
poral resolution, respectively, while the recent technical development of high resolution laser
systems gave the chance to reconstruct cell formation processes in situ on a cellular or tissue
level in a high temporal resolution. The application of this method is restricted to young plants
without secondary changes in the phloem (formation of periderm, dilatation of rays, collapse
of sieve tubes; Esau 1970), which also influence the radial diameter of the shoot. Distinct dif-
ferences in cell formation may occur between young plants studied in this model system and
plants growing in the field, which have to be taken into consideration discussing the results.
Simplified model systems have the advantage of controlled experimental conditions, but never
reflect natural conditions exactly. In our experiments the temperature in the growth chamber
was regulated in one week intervals of constant temperature, while other parameters kept con-
stant. In nature, temperature will not follow this scheme exactly and intercorrelation of tem-
perature and other factors should be considered in further studies. In particular, more drastic
decreases in temperature with a stronger impact on tracheid formation at the end of the growing
season are reported from field studies by Gricar et al. (2005, 2006).



Diinisch et al. - Influence of the Air Temperature on the Kinetics of Tracheid Formation of Spruce

Radial cell expansion (um (10 min.)?)

Rl [P T

0.6

0.4

®

0
18:00 22:00 02:00 06:00
Time

Radial cell expansion (um (10 min.)?)

0.8
-10°C

o I > 5°C

0.4

®

0 —
22:00 02:00 06:00 10:00
Time >

Fig. 7: Kinetics of radial cell expansion (um Fig. 8: Cross section of tracheids, UV microphotograph.
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Fig. 9: a: Radial cell diameter (um). —b: Cell wall cross section area (um?2), -c: UV absorbance (A=280 nm) of the
S2 layer of the cell wall (extinction) of tracheids formed under a constant air temperature of 10 °C (unfilled bars)
and cells formed during the decrease of the air temperature from 10 to 5 °C (midnight, bars filled with criss-cross
lines). Mean values + standard deviation .

The offset of cambial cell divisions, the offset of cell expansion, the offset of secondary wall
formation, and the offset of the lignification of the cell wall of tracheids were induced by low
temperatures (Oribe & Kubo 1997; Oribe et al. 2001). The critical temperatures for the offset
of these four developmental steps followed the sequence of xylem cell formation. The offset of
cambial cell divisions (first step of xylem formation) was induced at a higher temperature (8°C)
than the offset of the subsequent steps of cell development (cell expansion (6 °C), secondary
wall formation (5 °C), and lignification (2 °C)). This guarantees the complete formation of xy-
lem cells under “normal” temperature conditions at the end of the growing season. However, a
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very strong decrease of the temperature from higher than 8 °C to temperatures lower than 6 °C,
5 °C, and 2 °C, respectively has a strong impact on cell expansion, secondary wall formation,
and lignification, respectively. Especially, the decrease of the air temperature below 2 °C might
cause severe damage of developing xylem cells and incomplete cell formation as it is reported
from field studies by Gricar et al. (2006).

In agreement with other studies, the rate of cambial cell divisions as well as the speed of sec-
ondary wall formation and lignification were correlated with the air temperature. This is due
to the strong relationship between the temperature and the synthesis of macromolecules (e.g.
pectine, cellulose, hemicellulose, lignin; Denne & Dodd 1981). In contrast, the speed of cell
expansion was not correlated with the air temperature. Several investigations showed that cell
expansion predominantly depends more on the water supply and the turgor of the expanding
cell (Verbelen & Vissenberg. 2007). At temperatures, which allowed complete cell develop-
ment (>6 °C), the temperature had no significant influence on the final size and on the chemical
composition of the tracheids. This indicates that developing cells do not need (or need to a very
small portion) additional input for completing cell expansion, secondary wall formation, and
lignification.

From the results it is concluded that under “normal” temperature conditions complete tracheid
formation in Norway spruce is guaranteed at the end of the vegetation period by the differing
critical temperatures for cambial cell divisions, the formation of the secondary cell wall, and the
lignification. However, the study on the influence of an abrupt decrease of the temperature from
10 to 5 °C on cell expansion showed that a strong and fast decrease of the air temperature can
interrupt developmental steps of xylem formation and can cause incomplete tracheid formation.
With regard to global climate change, studies on the relationship between temperature and xy-
lem cell formation are important for forest management and wood quality.

ACKNOWLEDGEMENTS

We thank the German Research Foundation (DFG), Bonn for financial support. We also thank
O. Rithmann for providing the experimental plants. We are indepted to Dr. M. Quader for the
preparation of ultramicrotome cuts and microphotographs. We thank S. Strau} for technical
assistance.

REFERENCES

Barnett, J.R. 1992. Reactivation of the cambium in Aesculus hippocastanum L.: A transmission
electron microscope study. Ann. of Botany. 70: 169-177.

Denne, M.P. & R.S. Dodd. 1981. The environmental control of xylem differentiation. In: Xy-
lem Cell Development. Ed. J.R. Barnett. Castle House Publication, Kent. pp. 236-255.

Dodd, R.S. & P. Fox. 1990. Kinetics of tracheid differentiation in Douglas-fir. Ann. of Botany
65: 649-657.

Diinisch, O. & J. Bauch. 1994. Influence of soil substrate and drought on wood formation of
spruce (Picea abies [L.] Karst.) under controlled conditions. Holzforschung 48: 447-457.
Diinisch, O., M. Schulte & K. Kruse. 2003. Cambial growth of Swietenia macrophylla King
studied under controlled conditions by high resolution laser measurements. Holzforschung

57: 196-206.

84



Diinisch et al. - Influence of the Air Temperature on the Kinetics of Tracheid Formation of Spruce

Diinisch, O. & O. Rithmann. 2005. Kinetics of cell formation and growth stresses in the sec-
ondary xylem of Swietenia mahagoni (L.) Jacq. and Khaya ivorensis A. Chev. (Meliaceae).
Wood Sci. Technol. 40: 49-62.

Diinisch, O., M. Fladung, S. Nakaba, Y. Watanabe & R. Fuanda. 2006. Influence of overex-
pression of a gibberelin 20-oxidase gene on the kinetics of xylem cell development in hybrid
poplar (Populus tremula L. x P. tremuloides Michx.). Holzforschung 60: 608-617.

Esau, K. 1970. Plant Anatomy. Academic Press, Orlando. pp. 231-258.

Farrar, J.J. & R.F. Evert. 1997a. Seasonal changes in the ultrastructure of the vascular cambium
of Robinia pseudoacacia. Trees 11: 191-202.

Farrar, J.J. & R.F. Evert. 1997b. Ultrastructure of cell division in fusiform cells of the vascular
cambium of Robinia pseudoacacia. Trees 11: 203-215.

Fritts, H.C. 1976. Tree Rings and Climate. Academic Press, London.

Gricar, J., K. Cufar, P. Oven & U. Schmitt. 2005. Differentiation of terminal latewood tracheids
in silver fir trees during autumn. Ann. of Botany 95: 959-965.

Gricar, J. M. Zupaneie, K. Cufar, G. Koch, U. Schmitt & P. Oven. 2006. Effect of local heating
and cooling on cambial activity and cell differentiation in the stem of Norway spruce (Picea
abies). Ann. of Botany 96: 943-951.

Intergovernmental panel on climate change. 2006. www.ipcc.ch.

Koch, G. & G. Kleist. 2001. Application of scanning UV microspectrophotometry to localise
lignins and phenolic extractives in plant cell walls. Holzforschung 55: 563-567.

Mitscherlich, G., W. Moll, E. Kiinstle & P. Maurer. 1966. Ertragskundlich-6kologische
Untersuchungenim Rein-und Mischbestand. VI. Zuwachsbeginn und—ende, Stirkeninderung
und jdhrlicher Durchmesserzuwachs. Allgemeine Forst- und Jagdzeitung 137: 72-91.

Oribe, Y. & T. Kubo. 1997. Effect of heat on cambial reactivation during winter dormancy in
evergreen and deciduous conifers. Tree Physiol. 17: 81-87.

Oribe Y., R. Funada, M. Shibagaki & T. Kubo. 2001. Cambial reactivation in locally heated
stems of the evergreen conifer Abies sachalinensis (Schmidt) Masters. Planta 212: 684-691.

Spurr, A.R. 1969. A low-viscosity epoxy resin embedding medium for electron microscopy. J.
Ultrastructure Research 26: 31-43.

Verbelen, J.P. & K. Vissenberg. 2007. The expanding cell. Springer Verlag Berlin Heidelberg
New York, 297 p.

Vysotskaya, L.G. & E.A. Vaganov. 1989. Components of the variability of radial cell size in
conifers. [JAWA Bull. 10: 417-427.

85





