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A b s t r a c t .  P a c l o b u t r a z o l  [ (2RS,3RS)-  1-(4-chlo-  
rophenyl)-4,4-dimethyl-2-(1,2,4-tr iazol- l-yl)pentan- 
3-ol], formulated as G F U  265, applied at 100, 250, 
and 500 mg plant -~  to the soil of  container-grown 
sweet  orange [Citrus sinensis (L.) Osbeck  cv. Va- 
lencia], suppressed  plant weight, s tem height, leaf 
size, and total leaf  area.  At the 500-mg dosage,  total 
plant dry weight  was reduced by  61%, s tem height 
by  74%, and both  leaf b iomass  and area  by  80%, as 
compared  to control  plants.  All paclobutrazol  dos- 
ages induced fibrous root  thickening and increased 
their soluble sugar and starch content .  Fresh  root  
biomass  was 14 to 40% higher and root :shoot  ratios 
were  increased three- to sixfold for  t reated plants. 
P a c l o b u t r a z o l  app l i ca t i ons  o f  250 and  500 mg 
p lant -1  reduced leaf photosynthet ic  rate,  r ibulose 
b isphosphate  carboxylase  activity,  total nonstruc-  
tural ca rbohydra tes ,  and dark respirat ion 70 to 80% 
of  the control  plants.  Reduct ions of  leaf photosyn-  
thetic rate,  ca rboxylase  activity,  and photosyntha te  
by  paclobutrazol  contr ibuted to b iomass  reduction 
in t reated sweet  orange.  

Plant growth regulators  have  potential  for  manipu- 
lating growth of  many  agricultural crops.  In citrus, 
compounds  eliciting responses  in tree growth and 
accl imatizat ion to environmenta l  s t resses are of  po- 
tential impor tance  to commerc ia l  growers  (Yele- 
nosky 1985). Several  plant growth regulators have 
been  examined for  their  potential  for controlling ex- 
cessive shoot  growth and for enhancing cold accli- 
mat ion in citrus trees (Aron et al. 1985, Krezdorn  
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and Cohen  1962, L ima  and Davies  1984, Ye lenosky  
1985). Such compounds  can influence a var ie ty  of  
physiological and biochemical  processes ;  however ,  
there is limited information available on these pro-  
cesses  in citrus. 

The present  study was conducted  to evaluate  the 
responses  of  sweet  orange plants to paclobutrazol  
[ (2RS,3RS) -  1 - ( 4 - c h l o r o p h e n y l ) - 4 , 4 - d i m e t h y l - 2 -  
(1,2,4-triazol-l-yl)pentan-3-ol],  an inhibitor o f  gib- 
berellin synthesis.  We focus on growth and some 
critical physiological p rocesses  associa ted  with the 
t o l e r a n c e  o f  s w e e t  o r a n g e  to so i l - app l i ed  pa-  
clobutrazol .  Reduct ion of  vegeta t ive  growth by  this 
compound  has been  repor ted  in a numb er  of  fruit 
t ree species (Davis et al. 1988). 

Materials  and Methods  

Plant Materials and Growth Conditions 

Seeds of sweet orange [Citrus sinensis (L.) Osbeck cv. Valencia] 
were germinated in 2.5-L plastic pots containing washed sand. 
Potted plants were grown in a greenhouse, watered daily, and 
fertilized biweekly with 500 ml of a 1.5% solution of 15-7-7 (N- 
P-K) liquid fertilizer per pot. During the study period, maximum 
day and minimum night temperatures inside the greenhouse were 
32 and 20~ respectively, and relative humidity fluctuated from 
50 (day) to 90% (night). The photosynthetic active radiation 
(PAR, 400-700 nm) inside the greenhouse was about 900-1000 
p.mol m -2 s-1 at plant shoot levels during midday. 

Paclobutrazol Treatment 

Plants having similar appearance and height were selected for the 
experiment 90 days after seed planting. Plants were arranged into 
four groups of 24 plants each. Paclobutrazol, formulated as GFU 
265, was obtained from ICI Americas Inc. (Goldsboro, NC, 
USA) as a liquid formulation (50% methanol and 50% Renex 30, 
a nonionic surfactant) containing 50 g L-  ~ of active ingredient. 
Appropriate dilutions were made using the blank liquid (50% 
methanol and 50% Renex 30) as provided by the same company. 
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Twenty-five milliliters of the diluted solutions containing 0 (con- 
trol), 100,250, and 500 nag paclobutrazol were applied around the 
base of each plant for each dosage group. All measurements and 
analyses were performed 4 months after treatment. 

Measurements of Leaf Photosynthesis 

Photosynthetic CO 2 exchange rates (CER) of the uppermost, 
fully expanded leaves were measured inside the greenhouse 
where plants were grown and maintained, from 0900-1200 EST, 
using the closed gas-exchange LI-6200 Portable Photosynthesis 
System (LI-COR, Lincoln, Nebraska, USA), as previously re- 
ported (Vu and Yelenosky 1988). During a 3-h morning measure- 
ment, an average of 32 plants, or eight plants for each dosage, 
were measured. Data on CER of field-grown sweet orange from 
previous studies indicate maximum CER light saturation oc- 
curred at about 600-800 p~mol m -2 s - l  solar PAR; further in- 
creases in solar PAR did not enhance leaf CER of sweet orange 
(Vu and Yelenosky 1988). For paclobutrazol-treated sweet or- 
ange plants, leaf CER measurements were made on two clear 
mornings, during which PAR levels inside the greenhouse in- 
creased from about 500 (0900 EST) to 1000 (at 1200 EST) p.mol 
m - 2  s i .  Only CER values at PAR of 600 o, mol m -2 s -~ or 
higher were used. The values of CER were expressed on the 
basis of leaf area, determined after each measurement with the 
LI-COR LI-3000 Portable Area Meter. 

Determinations of  Leaf Rubisco and Chlorophyll 

Leaf sampling procedures and storage conditions for ribulose 
bisphosphate carboxylase-oxygenase (Rubisco) and for chloro- 
phyll determinations have previously been described (Vu and 
Yelenosky 1988). Briefly, uppermost, fully expanded leaves 
were detached near midday from six plants for each treatment, 
plunged immediately into liquid Nz, ground to a powder with a 
mortar and pestle, and continuously stored in liquid N2 until 
analysis. The extractions and radiochemical assays of HCO3-/ 
Mg 2§ Rubisco were performed as reported previously 
(Vu and Yelenosky 1988). Total chlorophyll was extracted with 
80% (vol/vol) acetone and its concentration determined by the 
method of Arnon (1949). 

Nonstructural Carbohydrates and 
Dark Respiration 

Uppermost, fully expanded leaves were harvested near midday 
from six plants for each treatment, oven-dried at 55~ for 72 h, 
ground to a powder, and subsampled for carbohydrate determi- 
nations. Starch and soluble sugars were extracted and analyzed 
according to previously reported procedures (Vu and Yelenosky 
1989). Dark respiration was determined on leaf discs (0.6-cm 
diameter) and fibrous root tips (0.5-cm long) with a Gilson dif- 
ferential respirometer, using standard Warburg procedures (Um- 
breit et al. 1966). Discs were removed with a hole puncher from 
uppermost, fully expanded leaves of five plants for each dosage, 
and four discs per leaf replicated three times per dosage were 
arbitrarily assigned to flasks. Root tips were sampled from three 
plants for each dosage after roots were washed and rinsed thor- 
oughly with water. The flasks, which contained 0.2 ml of 10% 
(wt/vol) KOH in the center well, 1 ml of 67 mM potassium phos- 

phate buffer (pH 6.7), and 40 leaf discs, were equilibrated for 1 h 
at 30~ before readings were taken. Dosage effects were based 
on the volume of 02 uptake at 15-min intervals for 1 h. 

Biomass Partitioning 

Eight plants of each dosage were harvested individually and 
weights of stems, leaves, and roots were determined before and 
after drying at 55~ for 72 h. Total leaf area of each plant was 
measured with the LI-3000 Area Meter. 

Results 

P a c l o b u t r a z o l  i n h i b i t e d  g r o w t h  o f  s w e e t  o r a n g e  
p lan t s  at  all do sa ge s  (Table  1). T h e  500-mg leve l  
r e d u c e d  to ta l  p lan t  f r e sh  we igh t  b y  44% and  to ta l  
p lan t  d ry  weight  by  61%. L e a f  f r e sh  a n d  d r y  we igh t s  
and  a r e a  we re  r e d u c e d  b y  a b o u t  80%. S h o o t  deve l -  
o p m e n t  o f  p l an t s  t r e a t e d  wi th  p a c l o b u t r a z o l  was  se- 
v e r e l y  d e p r e s s e d  (Fig .  1), w i th  s t em he igh t  a n d  
we igh t  r e d u c t i o n  o f  up  to  82% o f  the  c o n t r o l  p l an t s  
(Table  1). Roo t  b i o m a s s  on  a f r e sh  we igh t  bas i s ,  
h o w e v e r ,  was  1 A, A.9% h ighe r  for  p l an t s  t r e a t e d  wi th  
p a c l o b u t r a z o l ,  as  c o m p a r e d  to  c o n t r o l  p l an t s  (Tab le  
1). I n c r e a s e s  in roo t  f r e sh  we igh t  o f  t r e a t e d  p l an t s  
we re  m o s t l y  a s s o c i a t e d  wi th  a b n o r m a l  t h i cken ing  o f  
the  f ib rous  roo t  s y s t e m  (Fig.  2). On  the  d r y  we igh t  
bas i s ,  h o w e v e r ,  the re  was  a 17% r e d u c t i o n  in r o o t  
b i o m a s s  for  p lan t s  t r e a t e d  wi th  250 and  500 mg pa-  
c l o b u t r a z o l  (Table  1). 

P a c l o b u t r a z o l  t r e a t m e n t  r e d u c e d  to ta l  n u m b e r  o f  
l e aves  as  wel l  as  l ea f  s ize  (Table  2). L e a f  we igh t  a n d  
a r e a  r e d u c t i o n  a v e r a g e d  39% for  the  100-mg leve l ,  
and  68% for  bo th  the  250- and  500-rag l eve l s  (Tab le  
2). Spec i f i c  l ea f  weight  c ha nge s  ( F W )  w e r e  m o s t l y  
conf ined  to the  500-mg leve l  w h e r e  it was  r e d u c e d  
a b o u t  18%. 

T h e r e  was  no a p p a r e n t  d i f f e r ence  in l e a f  C E R  
b e t w e e n  the  100-rag p a c l o b u t r a z o l - t r e a t e d  and  con-  
t rol  p lan t s  (Table  3), bu t  l ea f  p h o t o s y n t h e t i c  a s s im-  
i la t ion  ra tes  o f  p l an t s  t r e a t e d  wi th  250 and  500 mg 
p a c l o b u t r a z o l  we re  d e p r e s s e d  b y  12 and  27% o f  the  
con t ro l ,  r e s p e c t i v e l y .  W e  n o t e d  no ch lo ro t i c  s y m p -  
tom d e v e l o p m e n t  on  l e aves  o f  t r e a t e d  p lan t s .  Pig- 
m e n t  e x t r a c t i o n  and  ana lys i s  i n d i c a t e d  no  di f fer -  
ences  in l ea f  c h l o r o p h y l l  c o n c e n t r a t i o n  a m o n g  the  
dosa ge s  (Table  3). A c t i v i t i e s  o f  R u b i s c o  w e r e ,  h o w -  
e v e r ,  d e c r e a s e d  in e x t r a c t s  f r o m  l e a v e s  o f  p a -  
c l o b u t r a z o l - t r e a t e d  p lan t s .  R u b i s c o  a c t i v i t y  inhibi -  
t ion a v e r a g e d  18% for  the  100-mg level ,  and  30% for  
bo th  the  250- and  500-rag l eve l s .  

So lub le  sugars ,  s t a rch ,  and  d a r k  r e s p i r a t i o n  w e r e  
l o w e r  in l e aves  o f  p l an t s  t r e a t e d  wi th  250- and  500- 
mg p a c l o b u t r a z o l  (Table  4). A t  t h e s e  d o s a g e s ,  inhi-  
b i t ions  a v e r a g e d  15, 24, and  29% for  l e a f  so lub le  
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Table 1. Fresh and dry weights of plant parts, stem height, and leaf area of sweet orange plants treated with paclobutrazol. 
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Fresh weight Dry weight 
Stem Leaf 

Paclobutrazol Leaf Stem Root Total Leaf Stem Root Total height area 
(mg plant -  1) (g plant-  1) (g plant - i) (cm) (cm 2 plant - l) 

0 11.3 5.2 10.8 27.3 3.4 1.8 2.4 7.6 39.1 498.3 
100 4.9 1.3 15.1 21.3 1.6 0.5 2.5 4.6 16.2 205.2 
250 3.0 0.9 12.3 16.2 0.9 0.3 2.0 3.3 11.9 129.5 
500 2.2 0.8 12.2 15.2 0.7 0.3 2.0 3.0 10.3 92.8 

Data are the means of eight plants for each dosage. Quadratic regression equations for the responses as functions of paclobutrazol 
dosages (x), with correlation coefficient (r) and nonsignificant (NS) or significant at p = 0.05 (*) or 0.01 (**), are presented below. 
Leaf fresh wt = 1.07E1 - 5.14E-2(x) + 6.93E-5(x2), (r = 8.52E-1; **); stem fresh wt = 4.66E0 - 2.76E-2(x) + 4.02E-5(x2), (r = 
8.01E-I; **); root fresh wt = 1.18El + 1.44E-2(x) - 2.82E-5(x2), (r = 1.66E-1; NS); total fresh wt = 2.72E1 - 6.52E-2(x) + 
8.21E-5(x2), (r = 6.03E-1; **); leaf dry wt = 3.26E0 - 1.55E-2(x) + 2.11E-5(x2), (r = 8.60E-1; **); stem dry wt = 1.64E0 - 9.48E-3(x) 
+ 1.38E-5(x2), (r = 8.22E-1; **); root dry wt = 2.48E0 - 1.41E-3(x) + 7.20E-7(x2), (r = 2.61E-1; NS); total dry wt = 7.38E0 - 
2.64E-2(x) + 3.56E-5(x2), (r = 7.58E-1; **); stem height = 3.65E1 - 1.73E-l(x) + 2.44E-4(x2), (r = 8.72E-1; **); leaf area = 4.68E2 
- 2.30E0(x) + 3.13E-3(x2), (r = 8.53E-1; **). 

Fig. 2. Morphological changes in the fibrous root systems of 
sweet orange plants 4 months after soil treatment with 0 (A) and 
500 (D) mg plant-~ of paclobutrazol. The inhibitor in a liquid 
form (50% methanol and 50% Renex 30) was applied directly to 
the root zone of 3-month-old plants. 

Fig. 1. Paclobutrazol effects on sweet orange plants 4 months 
after soil treatment with 0 (A), 100 (B), 250 (C), and 500 (D) mg 
plant-1 of the inhibitor. Paclobutrazol in a liquid form (50% 
methanol and 50% Renex 30) was applied directly to the root 
zone of 3-month-old plants. 

s u g a r s ,  s t a r c h ,  a n d  d a r k  r e s p i r a t i o n ,  r e s p e c t i v e l y ,  
a n d  t o t a l  n o n s t r u c t u r a l  c a r b o h y d r a t e s  w e r e  r e d u c e d  
a b o u t  2 2 % .  P a c l o b u t r a z o l ,  h o w e v e r ,  i n d u c e d  a c c u -  
m u l a t i o n  o f  s o l u b l e  s u g a r s  a n d  s t a r c h  in  f i b r o u s  
r o o t s  ( T a b l e  4) ,  w h e r e  s u g a r  c o n c e n t r a t i o n  w a s  a s  
m u c h  a s  5 0 %  h i g h e r  in  t r e a t e d  v s .  c o n t r o l  r o o t s .  
A l t h o u g h  s u g a r  c o n c e n t r a t i o n s  w e r e  h i g h e r  in  p a -  

c l o b u t r a z o l - t r e a t e d  f i b r o u s  r o o t s ,  d a r k  r e s p i r a t i o n  

r a t e s  w e r e  d e p r e s s e d  t o  a l m o s t  5 0 %  o f  c o n t r o l s .  

Discussion 

D a t a  f r o m  t h i s  a n d  r e l a t e d  s t u d i e s  ( A r o n  e t  a l .  1985,  
S w i e t l i k  a n d  F u c i k  1988,  Y e l e n o s k y  e t  a l .  1987)  

s h o w  t h a t  p a c l o b u t r a z o l  e f f e c t i v e l y  r e t a r d e d  g r o w t h  
o f  c i t r u s .  I n  t h e  c a s e  o f  s w e e t  o r a n g e ,  a p p l i c a t i o n  o f  
p a c l o b u t r a z o l  t o  l e a f y  b r a n c h e s  a t  a n  e a r l y  r e p r o -  
d u c t i v e  s t a g e  r e s t r i c t e d  l e a f  a n d  f r u i t  g r o w t h  ( Y e l e -  

n o s k y  e t  al .  1987).  F o l i a g e  s p r a y s  o r  so i l  a p p l i c a -  
t i o n s  o f  p a c l o b u t r a z o l  t o  c i t r u s  r e d u c e d  s h o o t  
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Table 2. Fresh and dry weight, area, and specific leaf weight 
(SLW) for sweet orange plants treated with paclobutrazol. 

SLW 

Paclobutrazol Fresh wt Dry wt Area FW DW 
(mg plant-1) (mg) (mg) (cm 2) (mg cm-2) 

0 540.2 192.8 24.1 22.4 8.1 
100 318.3 122.3 14.6 21.7 8.4 
250 169.3 64.2 8.3 20.3 7.8 
500 160.1 56.8 8.6 18.5 6.7 

Data are the means of 10 uppermost expanded leaves for each 
dosage. Quadratic regression equations for the responses as 
functions of paclobutrazol dosages (x), with correlation coeffi- 
cient (r) and nonsignificant (NS) or significant at p = 0.05 (*) or 
0.01 (**), are presented below. 
Fresh wt = 5.31E2 - 2.25E0(x) + 3.03E-3(x2), (r = 8.91E-1; 
**); dry wt = 1.91E2 - 7.59E-l(x) + 9.80E-4(x2), (r = 8.66E-1; 
**); area = 2.37E1 - 9.68E-2(x) + 1.34E-4(x2), (r = 9.04E-1; 
**); SLW (FW area-1) = 2.23E1 - 8.11E-3(x) + 9.18E-7(x2), (r 
= 7.85E-1; **); SLW (DW area - l )  = 8.33E0 + 1.64E-3(x) - 
9.08E-6(x2), (r = 2.33E-1; NS). 

J. C. V. Vu and G. Yelenosky 

Table 3. CO2 exchange rates (CER), Rubisco activities, and total 
chlorophyll concentration in uppermost, fully expanded leaves 
of sweet orange plants treated with paclobutrazol. 

CER Rubisco 
Paclobutrazol (v.mol (l~mol g -  1 Chlorophyll 
(mg plant -1) m -2 s - l )  FW h -1) (mg g-1 FW) 

0 9.7 719.1 3.2 
100 9.3 587.9 3.2 
250 8.5 501.7 3.1 
500 7.1 502.9 3.1 

Data are the means of 10-14 measurements dosage-1 for CER 
and three measurements dosage- 1 for Rubisco and chlorophyll. 
Quadratic regression equations for the responses as functions of 
paclobutrazol dosages (x), with correlation coefficient (r) and 
nonsignificant (NS) or significant at p = 0.05 (*) or 0.01 (**), are 
presented below. 
CER = 9.65E0 - 3.97E-3(x) - 2.12E-6(x2), (r = 7.06E-1; **); 
Rubisco = 7.12E2 - 1.25E0(x) + 1.50E-3(x2), (r = 9.68E-1; 
**); chlorophyll = 3.23E0 - 2.51E-4(x) + 1.53E-7(x2), (r = 
4.02E- 1 ; NS). 

Table 4. Concentrations of soluble sugars, starch, and total nonstructural carbohydrates (TNC) and dark respiration rates in leaves and 
fibrous roots of sweet orange plants treated with paclobutrazol. 

Leaf Roots 

Paclobutrazol Soluble Starch Dark respiration Soluble Starch Dark respiration 
(mg plant-l)  sugars (mg g - l  DW) TNC (Ixl 02 mg-1 DW h- l )  sugars (mg g - l  DW) TNC (l~l 02 mg-1 DW h-1) 

0 82.3 142.8 225.2 1.4 88.1 27.5 115.5 5.9 
100 74.6 148.2 222.8 1.4 120.6 34.7 155.3 6.8 
250 69.2 111.9 181.1 1.0 133.1 41.4 174.2 3.3 
500 70.1 103.7 172.8 1.0 131.3 33.5 164.8 3.1 

Data are the means of three determinations dosage- i. Quadratic regression equations for the responses as functions of paclobutrazol 
dosages (x), with correlation coefficient (r) and nonsignificant (NS) or significant at p = 0.05 (*) or 0.01 (**), are presented below. 
Leaf soluble sugars = 8.21E1 - 8.19E-2(x) + 1.16E-4(x2), (r = 9.44E-1; **); leaf starch = 1.49E2 - 1.39E-l(x) + 9.15E-5(x2), (r = 
9.07E-1; **); leaf TNC = 2.31E2 - 2.19E-l(x) + 2.0E-4(x2), (r = 9.43E-1; **); leaf dark respiration = 1.45E0 - 2.05E-3(x) + 
2.36E-6(x2), (r = 8.95E-1; **); root soluble sugars = 9.06E1 + 2.87E-l(x) - 4.14E-4(x2), (r = 9.72E-1; **); root starch = 2.72E1 + 
9.58E-2(x) - 1.66E-4(x2), (r = 9.06E-1; **); root TNC = 1.18E2 + 3.83E-l(x) - 5.80E-4(x2), (r = 9.70E-1; **); root dark respiration 
= 6.53E0 - 1.16E-2(x) + 8.62E-6(x2), (r = 7.92E-1; **). 

g r o w t h  a n d  p l a n t  b i o m a s s  ( A r o n  e t  al.  1985, S w i e t -  
l ik  a n d  F u c i k  1988, Y e l e n o s k y  e t  al.  1987). 

P a c l o b u t r a z o l  r e d u c e d  R u b i s c o  a c t i v i t y  a t  all  c o n -  
c e n t r a t i o n s  e v a l u a t e d  ( T a b l e  3). H o w e v e r ,  t h e r e  
w a s  l i t t l e  d e t e c t a b l e  e f f e c t  o n  l e a f  C E R  at  t h e  100- 
m g  d o s a g e  ( T a b l e  3). B e c a u s e  C E R  m e a s u r e m e n t s  
w e r e  m a d e  o n  s ing l e  l e a v e s  a n d  a t  a s ing le  g r o w t h  
s t age ,  o u r  d a t a  d o  n o t  i m p l y  t h a t  n e t  p h o t o s y n t h e s i s  
o f  t h e  w h o l e  p l a n t  t h r o u g h o u t  t h e  e x p e r i m e n t a l  pe -  
r i o d  w a s  u n a f f e c t e d  b y  t h e  100-mg p a c l o b u t r a z o l  
a p p l i c a t i o n .  T o t a l  b i o m a s s  a c c u m u l a t i o n  o n  a d r y  
w e i g h t  b a s i s  w a s  d e p r e s s e d  b y  4 0 % ,  a n d  s t e m  
h e i g h t  a n d  l e a f  a r e a  w e r e  r e d u c e d  b y  6 0 %  f o r  t h e  
100-mg d o s a g e  ( T a b l e  1). T h e  a c c u m u l a t i o n  o f  p l a n t  
b i o m a s s ,  w h i c h  r e f l e c t s  a s u m m a t i o n  o f  e f f e c t s  
t h r o u g h o u t  t h e  e x p e r i m e n t a l  g r o w t h  p e r i o d ,  is ef-  

f e c t i v e  f o r  e v a l u a t i n g  w h o l e  p l a n t  r e s p o n s e  to  a 
t r e a t m e n t .  E v e n  t h o u g h  i n h i b i t i o n  o f  l e a f  C E R  w a s  
n o t  as  o b v i o u s  f o r  t h e  100-mg as  f o r  t h e  250- a n d  
500 -mg  l e v e l s ,  r e d u c t i o n s  in  b o t h  i n d i v i d u a l  a n d  to-  
ta l  l e a f  a r e a  p e r  p l a n t  a p p a r e n t l y  c o n t r i b u t e d  t o  a 
s i gn i f i c an t  r e d u c t i o n  in w h o l e  p l a n t  p h o t o s y n t h e t i c  
c a r b o n  a s s i m i l a t i o n  c a p a b i l i t y  ( T a b l e s  1 a n d  2). U s -  
ing  C E R  d a t a  ( T a b l e  3) a n d  t o t a l  l e a f  a r e a  p e r  p l a n t  
( T a b l e  1), t h e  r a t e s  o f  p h o t o s y n t h e t i c  c a r b o n  a s s i m -  
i l a t ion  o f  t h e  w h o l e  p l a n t  w e r e  e s t i m a t e d ,  b y  a s s u m -  
ing  tha t  CO2 e x c h a n g e  r a t e s  w e r e  u n i f o r m  o v e r  t h e  
e n t i r e  p lan t .  O n  this  ba s i s ,  n m o l  CO2  f i x e d / s  w e r e  
481 ( con t ro l ) ,  190 (100-mg l eve l ) ,  110 (250-mg  l eve l ) ,  
a n d  66 (500-mg l eve l ) ,  w h i c h  r e p r e s e n t  r e d u c t i o n s  
6 0 - 8 6 %  in w h o l e  p l a n t  p h o t o s y n t h e t i c  c a p a b i l i t y .  

R e d u c e d  l e a f  C E R  a n d  R u b i s c o  a c t i v i t y  a p p a r -  
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ently resulted in lower soluble sugar and starch con- 
cen t r a t i ons  in leaves  o f  p a c l o b u t r a z o l - t r e a t e d  
plants, which also showed lower leaf dark respira- 
tion rates (Table 4). In contrast,  fibrous root tissues 
of  pac lobu t razo l - t rea ted  plants conta ined more  
starch and soluble sugars, and had lower dark res- 
piration rates than those of  control roots (Table 4). 
As in apple seedlings, reduced dark respiration re- 
suited in less carbohydrate  utilization which may 
partially account  for the carbohydrate  accumulation 
in paclobutrazol-treated roots (Steffens et al. 1983, 
Swietlik and Miller 1983). In apple seedlings, treat- 
ment with paclobutrazol via the nutrient solution 
resulted in manyfold increases in total nonstructural 
carbohydrates  in stem and root tissues (Wang et al. 
1985), indicating a profound effect of  this compound 
on partitioning and utilization of  carbon assimilates. 
Application of  paclobutrazol to the root zone via 
soil treatment of  sweet orange also caused thicken- 
ing of  fibrous roots (Fig. 2), resulting in three- to 
sixfold increases in the root :shoot  ratios for the 
treated plants (Table 1). Increased root tip diame- 
ters, weights, and root :shoot  ratios have been re- 
ported in peach and apple plants following treat- 
ment  with pac lobu t razo l  (Steffens et al. 1983, 
Williamson et al. 1986). In sweet orange plants, cor- 
relation between root thickening and accumulation 
of  carbohydrates  as a result of  paclobutrazol treat- 
ment needs more study. Such an effect, however,  
may enable this cultivar to better tolerate adverse 
env i ronmen ta l  s t resses .  In a pre l iminary  soil- 
flooding test, three paclobutrazol-treated (500-mg 
per plant soil treatment) sweet orange plants sur- 
vived total root  system submergence in standing 
water  under  greenhouse  condi t ions  for 60 days 
without apparent  injury to tops or roots (unpub- 
lished data). In contrast,  the three control plants 
died and no live tissues could be found in the tops or 
roots. Cell volume enlargement has been found in 
c r o s s - s e c t i o n e d  roo t s  of  p a c l o b u t r a z o l - t r e a t e d  
sweet orange (Yelenosky et al. 1987). It may be that 
paclobutrazol  induced the format ion of  "ae ren-  
chyma-l ike"  roots in sweet orange which increased 
the ability of  the plants to withstand flooded soil 
conditions. 

In apple, paclobutrazol has shown considerable 
promise for  controll ing excess ive  shoot  growth 
and improving fruit set and quality (Williams and 
Edgerton 1983, Williams 1984, Miller and Swietlik 
1986, Greene 1991). Similarly, this growth retardant 
decreases vegetative growth in citrus and may be 
useful for developing high-density, dwarf-tree citrus 
orchards,  as well as reducing pruning costs. How- 
ever, more studies are needed to assess the practi- 
cal value of  paclobutrazol  in commercial  opera- 
tions. 
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