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A b s l r a c t  The present study deals with the effects of gibber- 
ellins (GA3, GA4) and uniconazole-P, an inhibitor of gib- 
berellin biosynthesis, on negative gravitropism and xylem 
formation in the stems of horizontally positioned, 2-year- 
old Fraxinus rnandshurica Rupr. var. japonica Maxim. seed- 
lings. Each growth regulator (100~tg) dissolved in 591 
acetone (50%) was applied to the basal node of the current 
shoot on May 24, 1995. The same treatment was repeated 
five times weekly until June 28. Five seedlings were used for 
each treatment. The seedlings were positioned horizontally 
24h after the first application on May 25. Within 5 weeks 
the horizontal stem of control and GA-treated seedlings 
exhibited negative gravitropism. In contrast, the application 
of uniconazole-P inhibited negative gravitropic stem bend- 
ing. The application of GAs increased the number of gelati- 
nous fibers having thickened cell walls on the upper side of 
stems. The uniconazole-P application decreased xylem cell 
formation but did not inhibit the formation of gelatinous 
fibers. These results indicate that not only the differentia- 
tion of gelatinous fibers but also xylem increment is impor- 
tant in the negative gravitropism of horizontally positioned 
F. mandshurica seedlings. These results also suggest that 
GAs may be involved in xylem cell :gormation rather than 
the differentiation of gelatinous fibers in this species. 
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Introduction 

In leaning trees, radial growth is promoted on the upper or 
lower side of stems, shoots, and branches, forming a special- 
ized xylem tissue referred to as reaction wood. The reaction 
wood of arboreal, dicotyledonous angiosperms is called ten- 
sion wood, which forms gelatinous fibers and appears on the 
upper side of inclined stems. It is well known that both 
auxin and gibberellins (GAs) are involved in the cambial 
activity of woody plants. ~-6 In inclined woody angiosperms, 
various investigations have suggested that auxin deficiency 
on the upper side of stems causes differentiation of tension 
wood fibers. 7 10 

The role of GAs also is considered to be important in the 
formation of tension wood fibers in woody angiosperms. 
In the genus Prunus, various reports showed that GAs pro- 
mote the formation of tension wood fibers. Denhard and 
Feucht 11 observed that the formation of tension wood-like 
fibers in vertical Prunus avium shoots was stimulated 
by GA application. Nakamura et al., 12 Saotome et al., 13 
Nakamura, 14 and Baba et al. 15 reported that the application 
of GAs to growing shoots of drooping mutants of P. 
spachiana and P. persica caused resumption of vertical 
shoot growth and promoted the cell division of cambium 
and the formation of tension wood on the upper side of 
shoots. However, it is still obscure whether GAs regulate 
the differentiation of gelatinous fibers and cambial cell divi- 
sion in relation to negative gravitropism of stems in various 
species. Except in the genus Prunus, the effects of GA 
treatment on negative gravitropic bending or the formation 
of tension wood fibers are not always positive. For instance, 
the application of GA 3 along the upper side of horizontally 
positioned stems of Acer rubrum seedlings did not alter 
normal gravitropic reorientation. 7 

In the present study, preliminary experiments were per- 
formed on the effects of GA3, G A  4, and uniconazole-P, a 
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triazole-type plant growth retardant and an inhibitor of GA 
biosynthesis, 16 on negative gravitropism and the formation 
of tension wood fibers in horizontally positioned seedlings 
of Fraxinus mandshurica Rupr. var. japonica Maxim. 

Materials and methods 

Two-year-old Fraxinus mandshurica Rupr. var. japonica 
Maxim. seedlings, grown in Iwamizawa, Hokkaido, Japan, 
were lifted from a nursery and transported to the nursery of 
the Department of Forestry Science, Tottori University, in 
October 1994. The seedlings were kept at about 5°C in a 
refrigerator until they were used. On May 12, 1995, each 
seedling was transplanted in vermiculite in a 7.0 × 7.0 x 
19.5 cm paper pot and set in a greenhouse. On May 23, 1995, 
twenty seedlings with growing shoots were selected for their 
uniformity of size and development. The average stem 
length and diameter at 2.5 cm above the ground were 17.0 -+ 
0.4cm and 3.22 _+ 0.14mm, respectively. The seedlings were 
divided into four groups. (1) five control plants treated with 
5 ~tl 50% acetone; (2) five plants treated with 100 ~tg GA3 in 
5 91 50% acetone; (3) five plants treated with 100 ~tg GA4 in 
5~tl 50% acetone; and (4) five plants treated with 1009g 
uniconazole-P in 5 ~1 50% acetone. Each acetone solution 
was applied to the basal node of the current shoot with a 
micropipette at the beginning of the experiment on May 24. 
The same treatment was repeated five times per week until 
June 28. 

The seedlings were placed horizontally on May 25, 1995 
at 24 h after the first treatment. To follow changes in stem 
bending, lateral-view photographs of each seedling were 
obtained at 0, 0.5, 1, 6, 13, 20, 27, and 34 days after horizon- 
tal displacement of stems. The angle of the basal node of the 
current shoot was determined in each photograph as indi- 
cated in Fig. 1. The seedlings were harvested on June 28, 
just 34 days after stem displacement, and the shoot lengths 

and stem diameters were measured in vertical and horizon- 
tal directions 2.5 cm above the ground level. 

To determine the production of xylem cells, stem seg- 
ments about 0.5cm in length were taken l c m  above the 
basal node of the current shoot and 1, 5, and 10cm below 
the node. Each stem segment was fixed in FAA solution 
(formalin/acetic acid/ethanol/water, 5:5:60:30, v/v) for 
24h, rinsed in water, dehydrated in ethanol series, and then 
embedded in paraffin. Transverse sections 10-15 ~m thick 
were cut on a sliding microtome, double-stained with 
safranin-fastgreen FCF, and mounted in Eukitt. For each 
section, the number of wood fibers in radial files in newly 
formed xylem were counted under an ordinary light micro- 
scope. The diameter, lumen width, and cell wall thickness 
of the wood fibers were measured in radial and tangential 
directions using a light microscope (Olympus BHS 323) in 
combination with a video micrometer (Olympus Flovel 
VM-31), of which the minimum limit for measurement is 
0.27~m, using cross sections taken 5cm below the basal 
node of current shoots. About 70 fibers on the upper and 
lower sides of the stem were measured per section. 

Results and discussion 

The application of GA~, GA4, and uniconazole-P to the 
current shoots affected xylem formation and morphology of 
horizontally positioned F. mandshurica seedlings. Negative 
gravitropism of the seedlings was greatly influenced by the 
application of the GAs or uniconaz01e-P (Fig. 2). Figure 3 
shows the pattern of change in the orientation of the hori- 
zontally positioned seedlings. During the experimental 
period, the rate of upward bending in the GA-treated seed- 
lings was not different from that of control seedlings. In 
contrast, the application of uniconazole-P inhibited upward 
bending. 

Fig. 1. How negative gravitropic stem bending 
was measured and where stem anatomy was as- 
sessed in horizontally positioned seedlings. The 
acute angle 0 the between the horizontal line 
and the straight line segment from the stem base 
to the basal node (N, large arrow) of a current 
shoot was measured to determine the degree of 
upward stem bending. Stem segments for ana- 
tomical observation were taken lcm above the 
basal node (N) and at 1, 5, and 10cm below 
(small arrows) the node in a 1-year-old stem 



Fig. 2. Effects of applied GA3, OA4, and uniconazole-P on gravitropic 
bending in the stem of horizontally positioned seedlings on day 34. 
Note that the uniconazole-P-applied seedling shows almost no upward 
stem bending. The horizontal bar represents 10 cm 

The application of GAs and uniconazole-P changed 
cambial activity and xylem anatomy. In comparison with 
the controls, both GA3 and GA4 increased xylem cell 
production not only on the upper side but also on the lower 
side 1 cm above the basal node of the current shoots (Fig. 4). 
The number of wood fibers on the upper side of 1-year-old 
stems l c m  below the node also increased slightly after the 
application of both G A  3 and G A  4. The application of 
uniconazole-P significantly reduced the radial increment of 
xylem on the upper side l c m  above the node and 10cm 
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below the node of horizontal stems (Fig. 4). The ratios of 
the cells numbers on the upper and lower sides at 1, 5, and 
10cm below the node in the GA3-applied seedlings were 
constantly smaller than those of control, GA4-applied, and 
uniconazole-P-applied seedlings (Fig. 5). 

Prodhan et al. 17 have reported that the tension wood of F. 
rnandshurica is not typical and is somewhat anomalous. 
However, the formation of tension wood, characterized by 
the presence of gelatinous fibers stained with fast green 
FCF, was observed on the upper side (Figs. 6, 7). The exist- 
ence of cellulose in gelatinous fibers were also confirmed by 
the application of chlozinciodine solution to stem sections. 
The application of uniconazole-P also formed gelatinous 
fibers. 

Application of GA3 decreased the diameter of wood fi- 
bers on the upper side of the stems in the radial direction 
but not in the tangential direction comparied with that in 
the controls (Table 1). The application of GA4 did not sig- 
nificantly affect the diameter of wood fibers on the upper 
side of the stems in the radial direction but increased those 
in the tangential direction. The uniconazole-P application 
did not affect the diameters of wood fibers on the upper side 
of the stems in both radial and tangential directions. On the 
lower side, the diameters of wood fibers in both radial and 
tangential directions increased after GAs application. The 
application of GA4 and uniconazole-P did not affect the 
lumen width of wood fibers in either the radial or tangential 
direction. However, GA 3 application decreased the lumen 
width on the upper side in the radial direction but not in the 
tangential direction. The GAs increased lumen width on the 
lower side in the tangential direction. 

The application of GAs increased the cell wall thickness 
of wood fibers on the upper side in both radial and tangen- 
tial directions. The uniconazole-P application decreased the 
cell wall thickness on the lower side in the radial and tan- 
gential directions. 

The application of GA3 and GA4 increased xylem cell 
formation and cell wall thickness of wood fibers on the 
upper side of stems in horizontally positioned F. 
mandshurica seedlings, indicating the importance of GAs in 
the formation of tension wood. In contrast, the application 
of uniconazole-P significantly inhibited negative gravitropic 
stem bending, decreased xylem cell formation in the radial 
direction on the upper side of stems, and reduced cell wall 
thickness in the radial and tangential directions on the 
lower side of stems. Uniconazole-P is an optical isomer of 
uniconazole, a triazole-type plant growth retardant, that 
inhibits GA biosynthesis. 16 Oshio et al.~Shave reported that 
uniconazole inhibits the oxidation of ent-kaurene to ent- 
kaurenoic acid, a direct precursor of GAs. The inhibitory 
effects of uniconazole-P on negative gravitropism are pos- 
sibly related to the inhibition of GA biosynthesis, resulting 
in the reduction of xylem cell formation. 

It is well known that GAs and auxin are involved in the 
control of cambial activity in woody plants. 1~ The present 
results also indicate the importance of GAs in xylem cell 
formation of F. mandshurica seedlings. The effects of GAs 
on negative gravitropic response and reaction wood forma- 
tion in woody plants has been observed to vary from having 



Fig. 3. Changes in the degree 
of upward bending of horizon- 
tally positioned I-year-old stems 
after the application of GA3, GA4, 
and uniconazole-P. Note that 
uniconazole-P application inhib- 
ited upward stem bending. Verti- 
cal bars represent standard errors 
(n = 5). Symbols with common 
letters on the same day are not 
different at the 5% level using 
1SD 
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Fig. 4. Effects of applied GA3, 
GA 4, and uniconazole-P on radial 
number of wood fibers on the 
upper and lower sides of horizon- 
tally positioned seedlings. Stem 
samples were harvested 34 days 
after stress initiation. Note that 
uniconazole-P application inhib- 
ited production of xylem cells 
on the upper side 10cm below 
the node. Vertical bars represent 
standard errors (n = 5). Columns 
with common letters within 
figures are not different at the 5% 
level using 1SD 
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Fig. 5. Effects of applied GA3, GA4, and uniconazole-P on the ratio of 
the number of wood fibers on the upper and lower sides of horizontally 
positioned seedlings. Note the decreased ratios at all positions below 
the node in 1-year-old stems of GA3-treated seedlings. Vertical bars 
represent standard errors (n = 5). Columns with common letters within 
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no effect to acceleration. In coniferous species, exogenous 
G A  3 enhanced branch hyponasty by promoting compres- 
sion wood formation on the lower side of branches in 
decapitated Cupressus arizonica seedlings. 19 In woody an- 
giosperms, GA3 applied to the stem surface of upright Acer 
rubrum seedlings stimulated cambial activity but did not  
cause the formation of gelatinous fibers. 8 Cronshaw and 
Morey 7 also reported that GA3 applied along the upper side 
of horizontal stems of Acer rubrum did not affect normal 
gravitropic reorientat ion or the formation of gelatinous 
fibers. In contrast, the formation of tension wood-like fibers 
in vertical Prunus avium shoots was stimulated by G A  ap- 
plication. I1 Nakamura  et al., 12 Baba et al., I5 Saotome et al., 13 
and Nakamura  14 demonstrated that the application of GA3 
and GA1 to growing shoots of the drooping mutants  of 
Prunus spachiana and P. persica restored vertical shoot 
growth and promoted the formation of gelatinous fibers on 
the upper side of drooping shoots. 

In the present study, the application of uniconazole-P to 
the horizontal stems also supports the importance of GAs in 
negative gravitropism and xylem formation in horizontally 

Fig. 6. Transverse sections of 
wood fibers on the upper side of 
the stem 5cm below the basal 
node of current shoots. Stem 
samples were harvested 34 days 
after the horizontal displacement 
of stems. Note that uniconazole- 
P forms gelatinous fibers. The bar 
represents 500 btm 



Fig.  7. T r a n s v e r s e  sec t ions  o f  
w o o d  f ibers  o n  the  u p p e r  s ide  o f  
the  s t e m  5 c m  b e l o w  the  b a s a l  
n o d e  o f  c u r r e n t  shoo t s .  S t e m  
s a m p l e s  w e r e  h a r v e s t e d  34 days  
a f t e r  t he  h o r i z o n t a l  d i s p l a c e m e n t  
of  s tems.  N o t e  t h a t  u n i c o n a z o l e -  
P f o r m s  g e l a t i n o u s  f ibers.  T h e  bar 
r e p r e s e n t s  10 ~tm 

T a b l e  1. E f fec t s  o f  GA~,  GA4,  a n d  u n i c o n a z o l e - P  o n  v a r i o u s  p a r a m e t e r s  o f  w o o d  f ibers  in r a d i a l  
a n d  t a n g e n t i a l  d i r ec t i ons  5 c m  b e l o w  the  b a s a l  n o d e  o f  c u r r e n t  s h o o t s  in s eed l ings  

P a r a m e t e r  R e s u l t  (g in )  

C o n t r o l  G A  3 G A  4 U n i c o n a z o l e - P  

R a d i a l  d i r e c t i o n  
Cell  d i a m e t e r  

U p p e r  15.0 ~ 1.5 a 13.0 _+ 0.7 b° 14,7 _+ 0.6 ab 13.5 ± 1.2 ab 
L o w e r  11.5 _+ 0.8 ca 14.2 ± 0.7 ~b 14,2 _+ 2.2 ab 11.1 + 1.3 d 

L u m e n  w i d t h  
U p p e r  11.1 ± 1.5 ab 7.7 _+ 0.6 ~ 10,2 ± 0.6 bc 10.0 _~: 0.9 abe 
L o w e r  9.2 _+ 0.7 ca 12.0 ± 0.8 ~ 12,4 _+ 1.9 ~ 9.9 + 1.5 bc 

Cel l  wal l  t h i c k n e s s  
U p p e r  1.9 _+ 0.3 c 2.7 _+ 0.4" 2,2 ± 0.1 b 1.7 + 0.2 ° 
L o w e r  1.2 _+ 0.2 d 1.1 ± 0.1 a 0.9 ± 0.2 a 0.6 + 0.1 ~ 

T a n g e n t i a l  d i r ec t i on  
Cell  d i a m e t e r  

U p p e r  11.2 _+ 1.0 d 11.5 ± 0.9 °~ 12,9 ± 0.6 b~ 12.0 ~+ 1.2 bcd 
L o w e r  13.1 _+ 1.4 u 15.1 _+ 0 . T  16,0 _+ 0.8 b 12.4 ~+ 0.9 bed 

L u m e n  w i d t h  
U p p e r  7.5 _+ 1 .T  d 6.2 _+ 0.8 d 8.5 ± 0.5 ~ 8.4 + 1.0 c 
L o w e r  10.6 _+ 1.7 b 12.6 _+ 0.8 ~ 13,7 + 0.6 ~ 10.9 ± 0.9 b 

Cell  wal l  t h i cknes s  
U p p e r  1.9 -+ 0.3 ~ 2.7 ± 0.3 ~ 2,2 ± 0.2 b 1.8 ± 0.3 ° 
L o w e r  1.2 ± 0.2 ~ 1.3 +- 0.1 ~ 1,2 _+ 0.2 d 0.8 + 0.1 ~ 

V a l u e s  a re  m e a n s  wi th  s t a n d a r d  e r r o r s  (n = 5). 
~ M e a n s  wi th  c o m m o n  le t te r s  w i th in  p a r a m e t e r s  a re  n o t  d i f f e r en t  a t  t he  5 %  level  1SD 



positioned F. rnandshurica seedlings. However, 
uniconazole-P application did not inhibit the formation of 
gelatinous fibers on the upper side of horizontal stems. 

The application of uniconazole-P inhibited upward stem 
bending through the reduction of xylem cell production in 
the basal portions of horizontally positioned stems, despite 
the appearance of gelatinous fibers on the upper side. These 
results indicate that not only the differentiation of gelati- 
nous fibers but also the increment of them to a certain 
number is important in negative gravitropic stem bending 
in horizontally positioned F, mandshurica seedlings. It is 
difficult to explain the exact roles of GAs in the negative 
gravitropism in this study, because there is no information 
about endogenous levels of GAs. It is suggested that GAs 
are involved in xylem cell production rather than in the 
differentiation of gelatinous fibers. Further investigations 
are needed to clarify the role of gibberellins in gravitropic 
responses and the formation of gelatinous fibers in woody 
angiosperms. 

Acknowledgmenls We thank Prof. Dr. Shigeo Katagiri, Faculty of Life 
and Environmental Science, Shimane University, Japan, for his useful 
advice and encouragement to complete this paper. This research was 
supported by a scholarship from the Japanese Ministry of Education 
(no. 07456073). 

References 

1. Aloni R (1991) Wood formation in deciduous hardwood trees. In: 
Raghavendra AS (ed) Physiology of trees. Wiley, New York, pp 
175-197 

2. Little CHA, Savidge RA (1987) The role of plant growth regula- 
tors in forest tree cambial growth. Plant Growth Regul 6:137-169 

3. Little CHA, Pharis RP (1995) Hormonal control of radial and 
longitudinal growth in the tree stem. In: Gartner BL (ed) Plant 
stems: physiology and functional morphology. Academic, San 
Diego, pp 281-319 

4. Ridoutt BG, Pharis RP, Sands R (1995) Identification and quanti- 
fication of cambial region hormones of Eucalyptus globulus. Plant 
Cell Physiol 36:1143-1147 

391 

5. Wang Q, Little CHA, Od6n PC (1995) Effect of laterally applied 
gibberellin A4/7 on cambial growth and the level of indole-3-acetic 
acid in Pinus sylvestris. Physiol Plant 95:187-194 

6. Wang Q, Little CHA, Oddn PC (1997) Control of longitudinal and 
cambial growth by gibberellins and indole-3-acetic acid in current- 
year shoots of Pinus sylvestris. Tree Physiol 17:715-721 

7. Cronshaw J, Morey PR (1968) The effect of plant growth sub- 
stances on the development of tension wood in horizontally in- 
clined stems of Acer rubrum seedlings. Protoplasma 65:379-391 

8. Morey PR, Cronshaw J (1968) Developmental changes in the sec- 
ondary xylem of Acer rubrum induced by gibberellic acid, various 
auxins 2,3,5-tri-iodobenzoic acid. Protoptasma 65:315-326 

9. Timell TE (1986) Compression wood in gymnosperms, vol 1. 
Springer, Berlin Heidelberg, pp 1-7 

10. Timell TE (1986) Compression wood in gymnosperms, vol 2. 
Springer, Berlin Heidelberg, pp 1245-1246 

11. Denhard B, Feucht B (1971) Zur Reaktionsholzbildung bei Prunus 
avium. Holzforschung 25:169-174 

12. Nakamura T, Saotome M, Ishiguro Y, Itoh R, Higurashi S, Hosono 
M, Ishii Y (1994) The effects of GA3on weeping of growing shoots 
of the Japanese cherry, Prunus spachiana. Plant Cell Physiol 
35:523-527 

13. Saotome M, Ogiwara E, Omi T, Yokoyama T, Nakamura T 
(1995) Cellulose and lignin contents in GA-treated branches 
of Prunus species (in Japanese). J Jpn Womens Univ Fac Sci 3:69- 
71 

14. Nakamura T (1996) Induction of negative gravitorism by gibberel- 
lin in weeping Japanese cherry, Prunus spachiana. In: Plants in 
space biology. Institute of General Ecology, Tohoku University, 
pp 101-109 

15. Baba K, Adachi K, Take T, Yokoyama T, Itoh T, Nakamura T 
(1995) Induction of tension wood in GA3-treated branches of the 
weeping type of Japanese cherry, Prunus spachiana. Plant Cell 
Physiol 36:983-988 

16. Izumi K, Oshio H (1991) Effects of the growth retardant 
uniconazole-P on endogenous levels of hormones in rice plants. In: 
Takahashi N, Phinney BO, MacMillan J (eds) Gibbereltins. 
Springer, New York, pp 330-338 

17. Prodhan AKMA, Ohtani J, Funada R, Abe H, Fukazawa K 
(1995) Ultrastructural investigation of tension wood fibre in 
Fraxinus mandshurica Rupr. vat. japonica Maxim. Ann Bot 
75:311-317 

18. Oshio H, Tanaka S, Izumi K (1990) Development of uniconazole 
for a new plant growth retardant and studies on its mechanism of 
action and the practical uses (in Japanese). Chem Regul Plant 
25(1):8-18 

19. Blake TJ, Pharis RP, Reid DM (1980) Ethylene, gibberellins, auxin 
and the apical control of branch angle in a conifer, Cupressus 
arizonica. Planta 148:64-68 


