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ABSTRACT

Growth retardants have great potential to balance between vegetative and reproductive growth. To
assess the effects of prohexadione-calcium (Pro-Ca, Regalis) on reproductive and vegetative growth, return
bloom, fruit set, and also fruit quality in ‘Golden Delicious’ apple grafted on M.9 rootstock, an experiment
was performed during 2010-2012. The applications of 125 mg dm Pro-Ca on the same trees in each year
resulted in a 40-43% shoot length reducing. Internodes length decreased with Pro-Ca at about 30%, while
total node number was unaffected. Results indicate that Pro-Ca applications have no effects on tree trunk
growth, flowering, yield, fruit set and development. Pro-Ca also didn’t have any negative impact on fruit
quality during the three consecutive years. Moreover, Pro-Ca resulted in higher fruit size compared to con-
trol in the third year of trial. The results of this experiment clearly suggest that fruit growers can use Pro-
Ca for the control of vegetative growth without having any negative effects on fruit quality and yield pa-
rameters. Once a full canopy has been achieved, annual shoot growth can be suppressed in the range of 20
to 30 cm with 125 mg dm Pro-Ca treatment in ‘Golden Delicious’ apple trees.
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INTRODUCTION

The importance of vegetative growth regula-
tion in fruit growing is a well-known issue. An un-
controlled increase in vegetative growth negatively
affects productivity, fruit quality, pests and dis-
eases control as well as significantly increases the
costs of pruning the trees (Forshey et al. 1992). The
control of vegetative development is also very im-
portant in terms of adequate flower bud formation.
There is an antagonistic relationship between shoot
length and flowering (Forshey & Elfving 1989;
Tromp 2005).

Prohexadione, an active component of prohex-
adione-calcium (Pro-Ca), a gibberellin (GA) bio-
synthesis inhibitor, blocks the enzymes involved in
the biosynthesis of GAs in the pathway between
GAz to GA; (Rademacher & Kober 2003). It has
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been suggested that using Pro-Ca is a good practice
for the control of vegetative growth, especially in
apple and pear trees (Costa et al. 2002; Elfving et al.
2003; Asin et al. 2007). Pro-Ca has some effects on
shoot growth reduction of cherry (Elfving et al.
2005; Jacyna et al. 2012), walnut (Solar et al. 2008),
citrus and avocado (Garner et al. 2010).

Pro-Ca has a significant impact on the suppres-
sion of fire blight disease caused by Erwinia amylo-
vora in addition to the control of vegetative growth
(Cline 2006). There are a few reports on Pro-Ca ef-
fect on flowering or alternate bearing (Byers et al.
2004; Cline et al. 2008). Nevertheless, there have
been observations that prove that agents blocking
GA biosynthesis and activity promote flower bud
formation (Faust 1989; Costa et al. 2000). Improve-
ment of red color intensity, increase of fruit Ca
content, and reduction of diseases are other useful
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effects of Pro-Ca in addition to restriction of tree
growth (Greene & Autio 2002; Mata et al. 2006).

Pro-Ca applications are recommended just be-
fore or after the petal fall period (Rademacher &
Kober 2003). Also, shoot growth is very fast after
full bloom, and more than 50% of total growth takes
place in the spring. For this reason, early applica-
tions of Pro-Ca are very influential (Unrath 1999).
On the other hand, cell division is most intense in
this period which it is directly related to fruit size at
harvest time (Westwood 1995). Therefore, low-
doses of Pro-Ca should not decrease the cell divi-
sion rate (Greene 1999; Wertheim & Webster
2005). The most appropriate Pro-Ca dose for apples
is usually around 125-250 mg dm, and minimum
2 applications per season are needed (Evans et al.
1999; Cline 2006). However, half-life of Pro-Ca in
plants is a few weeks. Pro-Ca does not have adverse
effects on human health and environment due to the
limited half-life (Evans et al. 1999; Wertheim &
Webster 2005).

The major apple growing area in Turkey is lo-
cated in Isparta, and ‘Golden Delicious’ still repre-
sents almost half of total production (TSI 2013).
Pro-Ca has been newly registered in Turkey for use
on apples. The aim of this study was to investigate
the long-term effects of continual application of
Pro-Ca on the same trees. For this purpose, vegeta-
tive and reproductive growth, return bloom, fruit
set, and also fruit quality were examined in the
‘Golden Delicious’ apples grafted on M.9 over three
consecutive years.

MATERIALS AND METHODS

The experiment was carried out in the Fruit Re-
search Station located in Turkey (37°48'52.16" N,
30°52'39.66" E, 920 m a.s.l). The ‘Golden Deli-
cious’ apple trees on M.9 rootstock, planted with 3.5
x 1 m, were five-years old at the time when the ex-
periment started. The orchard was drip irrigated and
fertilized according to soil analysis. The trees were
not pruned during the course of the study to deter-
mine the actual return bloom. Experimental design
was factorial randomized complete block, with 5
replicates using single tree per replication. The ap-
plications were performed on the trees of uniform

structure in years 2010-2012. Pro-Ca (Regalis,
BASF-The Chemical Company) was sprayed twice
with 75 and 50 mg dm at 3 week interval. The first
spray was performed at petal fall stage using a low-
pressure hand-wand sprayer and 1 | of the relevant
solution per tree. Before application, the pH of wa-
ter was set at 4.5-5 with 2 N HCI% and then Pro-Ca
was added. The trees were well coated with the pre-
pared solution with 0.1% Tween 20® (Merck, Schu-
chardt, Germany) to increase the efficiency of the
chemicals. Control included the unsprayed trees.

Shoot development was determined on the
same three bourse shoots per tree at two week inter-
vals during vegetation period in 2010. Additionally,
mean shoot length was measured on randomly se-
lected ten bourse shoots taken from different parts
of tree canopy following the terminal bud formation
(the 3 week of July). Internodes length and node
number were also recorded on these shoots. To con-
struct fruit growth curves, fruit diameters were
measured on three marked fruits at 2 week intervals
from petal fall until harvest.

Flower density was recorded as the number of
flower clusters per trunk cross-sectional area
(TCSA) at pink bloom stage. Calculations of flow-
ering index and cluster numbers per branch cross-
sectional area (BCSA) were detected on three limbs
of uniform size on each tree, according to West-
wood (1995). Fruit set, yield efficiency and crop
density were determined at commercial harvest. Al-
ternate bearing index (ABI) was calculated by the
formula of Hoblyn et al. (1936) based on fluctua-
tions of yield in successive years. We also assessed
the modified alternate bearing index (MABI), de-
veloped by Racsko (2008), with flowering values
instead of yield.

Average fruit weight, fruit diameter and
length/diameter (L/D) were determined at 15 fruits
for each tree at the harvest time. Fruit firmness
(a hand-held penetrometer with 11.1 mm tip) and
soluble solids concentration (SSC) (digital refrac-
tometer, HANNA, HI 96801) were also measured.
After firmness measurements, seed numbers for
each fruit were recorded.

When the F-test were statistically significant in
ANOVA, means were separated using Fisher pro-
tected Least Significant Difference (LSD) with SAS-
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JMP software version 7.0 (http://www.jmp.com/soft-
ware/). Piecewise linear regressions for shoot and
fruit development were performed using SegReg
(http://www.waterlog.info/pdf/regtxt.pdf) software.

RESULTS

The effects of Pro-Ca on mean shoot length
were statistically significant throughout the three-
year period (P = 0.0001). Pro-Ca highly reduced the
shoot growth compared with the control (Table 1).
Mean shoot length in Pro-Ca was 22.8 cm, 32.5 cm,
and 24.7 cm for 2010, 2011, and 2012, respectively,
whereas in control, it was recorded as 38.2 cm,
54.0 cm, and 43.1 cm, respectively. Pro-Ca applica-
tion significantly reduced the internodes length
compared with the control (P = 0.0169) (Table 1).
Internodes length was found as 30.1 mm in control
and 21.0 mm in Pro-Ca applied shoots, whereas
node numbers were similar. Shoot development of
Pro-Ca applied trees and regression equations are

given in Figure 1. The shoot length of control in-
creased linearly from full bloom to 45 days after
full bloom (DAFB), after that the growth de-
creased, and a limited growth continued until the
end of growing season (Fig. 1A). The treatments of
Pro-Ca significantly inhibited the shoot growth al-
most 30 DAFB when shoot length was 15.6 cm in
Pro-Ca and 25 cm in control (Fig. 1B). The growth
of Pro-Ca applied shoots increased a little again af-
ter 60 DAFB. There was no increase in control
shoots at that time. The lengths of control and Pro-
Ca applied shoots were 37.2 cm and 18.5 cm re-
spectively, in that period.

The Pro-Ca treatment did not have a signifi-
cant effect on fruit development in the present
study. A similar growth curve was exhibited by both
control and Pro-Ca applied apples, as shown in Fig-
ure 2A, B. As usual, it demonstrated a linear in-
crease in fruit diameter in the beginning of fruit
growth, followed by a slow curvilinear enlargement
when maturity approached.

Table 1. Effects of Pro-Ca on mean shoot length, internode length and node number of ‘Golden Delicious’ apple trees

Shoot length (cm)

Internode length Node number

Treatment

2010 2011 2012 (mm) (2012) (2012)
Control 38.44+6.71 a 54.3+8.16 a 43.3+5.84 a 30.1+£10.5 a 16.6+3.2 a
Pro-Ca 22.8+6.72 b 32.5+£5.13 b 24.7+4.53 b 21.0+4.7b 154432 a
P-value 0.0001 0.0001 0.0001 0.0169 0.4602

Within each column, different letters indicate significant differences according to LSD tests at p = 0.05. The values

are means +SD.
P-value — probability of F statistic
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Fig. 1. Effect of Pro-Ca on shoot development in ‘Golden Delicious’ apple trees in 2010. A) Control, (B) Pro-Ca.
Solid lines represent piecewise linear regressions, and dotted lines are the confidence bands
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Fig. 2. Effect of Pro-Ca on fruit development in ‘Golden Delicious’ apple in 2010. A) Control, (B) Pro-Ca. Solid lines
represent piecewise linear regressions, and dotted lines are the confidence bands

Table 2. Effects of Pro-Ca on trunk cross sectional area in ‘Golden Delicious’ apple trees

TCSA (cm?)
Treatment 2010 2011 2012
Spring Fall Increase Fall Increase Fall Increase
Control 13.3£33a 16.7432a 3.4+15a 249+56a 82+32a 27.0+6.1a 2.7+25a
Pro-Ca 139+1.5a 18.0+23a 4.0+1.8a 24.7t1.8a 6.7£09a 27.6£0.6a 2.9+1.3a
P-value 0.6517 0.4775 0.4830 0.9261 0.4190 0.8233 0.8459

Within each column the same letters indicate lack of significant differences according to LSD tests at p = 0.05. TCSA: trunk cross
sectional area. The measurements were performed early spring in 2010 and end of the growing season in 2010, 2011, and 2012.
The values are means +SD.

P-value — probability of F statistic

Table 3. Effects of Pro-Ca on flowering parameters in  Table 4. Effects of Pro-Ca on yield parameters in ‘Golden

‘Golden Delicious’ apple trees Delicious’ apple trees
Flower density Yield effi-  Crop density Eruit set
Treatment cluster cluster Flowering Treatment ciency (fruit %)
no/cm? no/cm? index (kg/cm?) no/cm?) °
(TCSA) (BCSA) 2010
2010 Control ~ 1.79+0.11a 9.90+0.86a 36.4+6.8 a

Control 591+1.36a 3.59+191a 0.7240.24a Pro-Ca 1.67£0.06 a 936+048a 32.8+64a
Pro-Ca 6.10£1.60a 3.18+0.93a 0.71+0.18 a P-value 0.1578 0.2090 0.2530
P-value 0.5729 0.4506 0.8187 2011

2011
Control 0.07+0.05a 0.34+0.30a 39.1+31.1a
Control 0.21+£0.18a 0.46+£0.89a 0.04+0.08 a Pro-Ca 0.042001a 02040.06a 31.7413.9a

Pro-Ca 0.22+0.25a 0.16£0.49a 0.02+0.05 a

p_value 09714 02175 02134 P-value 0.2255 0.2193 0.4634
Contl’Ol 039+1.40a 5.39+3.68 a 0.95+0.07 a Control 1.39+0.15a 11.45+1.57 a 223+4.4 a

Pro-Ca 8.96+1.39a 4.734291a 0.96+0.06 a Pro-Ca 1210422 92043242 18.6+3.6a

P-value 0.6928 0.5723 0.5985 P-value 0.2273 0.0711 0.0616

2013

Control 0.71+0.22a 0.31£0.64a 0.07+0.11 a

Pro-Ca 0.67+£0.82 a 0.20+0.28 a 0.05+0.08 a
P-value 0.8994 0.5285 0.5032
Within each column, the same letters indicate lack of significant differ-
ences according to LSD tests at p = 0.05. TCSA: trunk cross sectional

area. BCSA: branch cross sectional area. The values are means +£SD.
P-value — probability of F statistic

Note: see Table 3
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There was no significant influence of Pro-Ca
application on tree trunk growth over the 3-trail
years although TCSA relatively increased year to
year (Table 2). However, the flowering and yield
parameters of Pro-Ca treated trees were not differ-
ent than the control (Table 3, 4). Besides, high alter-
nate bearing intensities were detected both in con-
trol (0.92) and Pro-Ca (0.97) trees (Table 5).

Pro-Ca treatments did not cause any signifi-
cant differences on fruit weight and diameter in
2010 and 2011 (Table 6). However, fruit diameter
of Pro-Ca was greater than control in 2012
(P=0.0241). No differences in L/D or SSC were
noted for three years. Pro-Ca relatively affected fruit
firmness in the first 2 years, but not in the last year,
however firmness values ranged between 6.4 and

7.4 kg in the three-year period. Seed numbers did
not show differences between the control and the
Pro-Ca treated trees (Table 6).

Table 5. Effects of Pro-Ca on ABI (2010-2012) and
MABI (2010-2013) in ‘Golden Delicious’ apple trees

Treatment ABI MABI
Control 0.93+0.07 a high* 0.91+£0.05a high
Pro-Ca 0.97+0.02a high 0.93+0.03a high
P-value 0.3218 0.6595

Within each column, different letters indicate significant
differences according to LSD tests at p = 0.05. ABI: alter-
nate bearing index. MABI: modified alternate bearing index.
The values are means +SD."Index values were grouped ac-
cording to Racsko (2008)

P-value — probability of F statistic

Table 6. The effects of Pro-Ca on some features of fruit quality in ‘Golden Delicious’ apple

Fruit weight  Fruit diameter Firmness SSC
Treatment ©) (mm) L/D (ka) %) Seed number

2010

Control 208.8+28.5a 78.8439 a 0.92+0.04 a 6.9£0.6 a 12.6+0.8 a 71424 a

Pro-Ca 212.4+33.7 a 78.9+4.2 a 0.92+0.04 a 6.4+0.4 b 12.3+0.6 a 69+1.5a

P-value 0.5292 0.7982 0.7927 0.0001 0.1495 0.8082
2011

Control 203.0£27.6 a 76.9+3.6 a 0.94+0.04 a 7.4+0.4 a 14.8+1.1a 5.2422a

Pro-Ca 193.8+60.6 a 76.0+7.2 a 0.96+0.10 a 6.9+1.0b 15.0+£0.1 a 5622 a

P-value 0.3001 0.4871 0.1656 0.0412 0.3142 0.4280
2012

Control 141.3+22.6 b* 68.3£39b 0.94+0.03 a 6.9+1.0a 13.5£1.0a 63+20a

Pro-Ca 155.9423.1 a 70.3+3.8 a 0.94+0.04 a 7.0+£0.5 a 13.8£0.5 a 6.0£23 a

P-value 0.0034 0.0241 0.3348 0.4262 0.1341 0.6122

*Within each column, different letters within year indicate significant differences according to LSD tests at p = 0.05.
L/D: length/diameter ratio. SSC: soluble solids concentration. The values are means +SD.

P-value — probability of F statistic
DISCUSSION

There have been numerous experiments about
the control of vegetative and reproductive growth of
fruit trees with retardants, but apparently almost all
of them lasted only one year. This study was initi-
ated to document the long-term effects of continual
Pro-Ca application on the same trees. Greene (2008)
also reported results of multiple-year applications of
Pro-Ca. However, that study was conducted on
semi-intensive orchard and carried out on ‘Mutsu’

and ‘Mclntosh’ apple cvs grafted on M.7. We inves-
tigated response of intensive apple orchards grafted
on dwarf rootstock M.9. Because intensive orchards
are crucial for modern fruit production (Robinson
2003), the control of vegetative growth is a funda-
mental principle in intensive orchards.

The most evident effect of Pro-Ca in the cur-
rent study was the decrease of shoot length. Com-
pared to control, Pro-Ca reduced the shoot length by
40% in 2010 and 2011 and by 43% in 2012. Pro-Ca
helps to reduce the growth due to inhibition of GA;
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prolong shoots by stimulating cell growth and divi-
sion (Wertheim & Webster 2005). Treatment with
Pro-Ca reduced shoot length by 21-71% in apples
depending on the dose, timing of treatment and cul-
tivar (Miller 2002). Similar effects were observed in
‘Smoothee Golden Delicious’ (Medjdoub et al.
2004), ‘Empire’ (Cline et al. 2008), and ‘Royal
Gala’ and ‘Fuji’ (Mata et al. 2006) apple trees.
These reports accord with our findings showing that
Pro-Ca inhibits the lengthening of apple shoots. The
shoots of both control and Pro-Ca treated trees were
longer in the 2011 than in 2010 and 2012 due to the
deterioration of vegetative and generative balance.
Indeed, the ‘Golden Delicious’ has a strong ten-
dency to alternate bearing in Isparta/Turkey (Atay
et al. 2013). Medjdoub et al. (2004) and Mata et al.
(2006) reported that reduction in shoot growth is
mainly the result of shortening of internodes. In our
experiment, Pro-Ca reduced the length of the inter-
nodes by about 30%, while total node number in
shoot was unaffected.

Apple shoots grow most rapidly after bloom
and follow a sigmoid growth curve (Greene & Autio
1994). However, in our trial, a regrowth occurred at
60 DAFB in Pro-Ca applied shoots. The limited
half-life of Pro-Ca indicates its short-lived effects
(Wertheim & Webster 2005). In fact, the second
Pro-Ca application of this experiment was per-
formed at 30-40 DAFB. It is evident that repeated
sprays of Pro-Ca have been a limiting factor in the
efficiency of treatments as well as the time of appli-
cation (Miller 2002; Cline 2006). In this trial, the
shoot growth of ‘Golden Delicious’ apple trees con-
tinued until 70 DAFB in control, but more than 80%
of the total shoot growth was completed in 45
DAFB. The second spray must be applied before 45
DAFB for effectively controlling the regrowth of
shoots.

Fruit diameters were regularly measured to re-
veal the physical fruit growth dynamics in the Pro-
Ca application from petal fall to harvest time. Con-
versely to shoot elongation, Pro-Ca treated apples
had a similar growth curve to the control. The ef-
fects of Pro-Ca on fruit development were similar to
control. It is evident that Pro-Ca had a direct effect
on shoot growing, but it had no effect on fruit de-
velopment in apple.

Agents blocking GA biosynthesis and activity
have been generally observed to promote flower bud
formation (Faust 1989). However, Pro-Ca, a GA in-
hibitor, had no evident effect on flowering, yield and
alternate bearing in our study. Similar observations
were also found by Cline et al. (2008) and Duy-
velshoff and Cline (2013). Byers et al. (2004) reported
that the effect of Pro-Ca on flowering is neutral.

There are contrary findings revealing the rela-
tionship between Pro-Ca and fruit set. While Me-
djdoub et al. (2005) and Greene (2008) have re-
ported that Pro-Ca increases fruit set, other re-
searchers explained it as ineffective (Costa et al.
2000; Miller 2002). In the present study, Pro-Ca has
no significant influence on fruit set compared to
control. As a matter of fact, like many PGRs, the
effects of Pro-Ca could vary according to cultivar.
In the study of Medjdoub et al. (2005), Pro-Ca was
effective in ‘Gala’ but not in ‘Fuji’ to increase the
fruit set. In addition, fruit set increased especially
above 125 mg dm of Pro-Ca (Byers et al. 2004).
Therefore, possible side effects were minimal in
low-dose Pro-Ca (Greene 2008).

Although there has been no reported disad-
vantage of Pro-Ca treatment related to fruit quality,
long-term monitoring of the Pro-Ca effects on the
same trees has been suggested (Wertheim & Web-
ster 2005). In our research, Pro-Ca had no bad influ-
ence on fruit quality compared to control throughout
the three consecutive years. Additionally, Pro-Ca
resulted in higher fruit weight and diameter values
compared to control in the last trial year. It could be
the effect of the reduction of competition between
growing shoot tips and developing fruitlets for as-
similates, nutrients and hormones because the grow-
ing shoot tips are characterized with much stronger
sink for metabolites than fruitlets (Treharne et al.
1985). There was high correlation between seed
number and fruit quality parameters in apple (Buc-
cheri & Di Vaio 2004; Blazek & Hlusi¢kova 2006).
In our experiment, Pro-Ca treatment had no effect
on seed number for three years like fruit set.

CONCLUSIONS

Pro-Ca is a good agent for vigor control in in-
tensive apple orchard. After a full canopy has been
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achieved, the annual shoot growth can be suppressed
in the range of 20 to 30 cm with 125 mg dm Pro-
Catreatment in ‘Golden Delicious’ apple trees with-
out having any negative effects on fruit quality and
yield parameters.
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