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Abstract
Inadequate winter chill causes poor budbreak in blackberry (Rubus L. subgenus Rubus Watson), limiting the commercial 
production in the subtropics. In ‘Natchez’ blackberry, our previous study found that, under inadequate chilling conditions, 
urea and lime sulfur (LS) applied as defoliants before chill accumulation advanced budbreak but did not improve final 
budbreak. In this study, we applied the two defoliants at the end of chill accumulation and examined their effectiveness in 
breaking dormancy, with a hypothesis that it can be enhanced with increased exposure to chilling. Field experiments were 
conducted over two growing seasons under subtropical climatic conditions. ‘Natchez’ blackberry was sprayed with urea or LS 
at 10%. Both defoliants were effective in both advancing and maximizing budbreak. Final budbreak reached 42.6% to 76.8% 
in the defoliant treatments, compared with 27.1% to 31.6% in the control. Advanced budbreak by defoliants increased early 
season yield by 35% to 88%. Although not statistically significant, defoliants increased total-season yield by 19% to 56%, 
compared with the control. Phytohormone profiling revealed no changes in abscisic acid and gibberellic acid 4, but increas-
ing trends in jasmonic acid and indole-3-acetic acid (IAA) during budbreak. The LS treatment increased IAA accumulation 
by up to 377% compared with the control. These results suggest that urea and LS are highly effective dormancy-breaking 
agents for blackberry when applied after winter chill accumulation. These defoliants could be an important adaptation tool 
for subtropical blackberry production. Furthermore, increased IAA accumulation appears to be, at least in part, the mode 
of action for LS-induced budbreak.
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Introduction

Blackberry (Rubus L. subgenus Rubus Watson) is a decidu-
ous perennial berry crop originating from temperate regions 
in America, Europe, and East Asia. Blackberry buds enter 
dormancy during winter to survive unfavorable climatic 
conditions (Warmund et al. 1992). Dormant plants experi-
ence arrested growth and reduced metabolic activities (Arora 
et al. 2003). Buds do not break dormancy until they are 
exposed to a certain amount of winter chill, referred to as the 

chilling requirement. Current floricane-fruiting blackberry 
cultivars require 300–900 h of winter chill (below 7.2 °C) 
(Drake and Clark 2000; Carter et al. 2006). Consequently, 
commercial blackberry production concentrates primarily in 
temperate regions with adequate winter chill, such as Serbia, 
Hungary, Northwestern United States, highlands in Mexico, 
and northern and central coastal areas in China (Strik et al. 
2007).

The global blackberry industry has experienced rapid 
growth in recent years, driven by increased consumption, 
improved cultivars, and advanced cultural practices (Clark 
and Finn 2014). In the United States, blackberry retail 
sales increased from $549 million in 2016 to $697 million 
in 2019 (California Strawberry Commission 2019). Local 
food movements and high demand from growers for alterna-
tive crops contributed to the recent expansion of blackberry 
cultivation into non-traditional production areas (Gangwer 
2013). In the southeastern United States, production acreage 
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increased by 52% (996 vs. 1512 ha) from 2007 to 2017 [U.S. 
Department of Agriculture (USDA) 2017]. In subtropical 
regions of southern Brazil, a 111% increase in production 
acreage (250 vs. 528 ha) was recorded from 2005 to 2012 
(Strik et al. 2007; Antunes et al. 2014). Globally, however, 
subtropical blackberry production is still limited because of 
inadequate winter chill, which leads to incomplete dormancy 
release, poor budbreak, erratic flowering, and ultimately low 
fruit yield (Fear and Meyer 1993; Lin and Agehara 2020a).

Artificial budbreak induction using dormancy break-
ing agents is one of the strategies to produce temperate 
crops under inadequate chilling conditions. In Mexico, it is 
reported that some fertilizers are used as defoliants in com-
bination with gibberellic acid  (GA3) and thidiazuron to pro-
mote budbreak of ‘Brazo’ and ‘Tupi’ blackberry (Strik et al. 
2007). In Florida, United States, we previously conducted a 
series of experiments to evaluate several budbreak induction 
methods for subtropical blackberry production. Our previ-
ous study demonstrated that  GA3 is a highly effective bud 
dormancy-breaking agent for blackberry (Lin and Agehara 
2020a). However, we also discovered that  GA3 causes cul-
tivar-dependent flower abortion, which is a drawback to its 
commercial implementation (Lin and Agehara 2020b). In the 
most recent study, we found that urea and lime sulfur (LS) 
applied at the beginning of chill accumulation advanced 
budbreak by up to 66 days but had no significant effect on 
the final budbreak percentage (Lin and Agehara 2021). In 
general, the effectiveness of dormancy-breaking agents is 
affected by the application timing. To maximize budbreak 
induction, dormancy-breaking agents are often applied after 
the exposure to adequate winter chill (Díaz et al. 1987; Erez 
1995; Sheard et al. 2009) or at the onset of dormancy release 
(Faust et al. 1997).

Bud dormancy is regulated by the complex crosstalk of 
phytohormones, including abscisic acid (ABA), gibberellins 
(GA), and indole-3-acetic acid (IAA) (Liu and Sherif 2019; 
Fadón et al. 2020). In deciduous fruit crops, ABA levels 
increase at the onset of bud dormancy and decline during 
chill accumulation, whereas GA and IAA show the opposite 
trend (Ionescu et al. 2017b; Ito et al. 2019; Yamane et al. 
2019). Some studies suggest that jasmonic acid (JA) also 
plays a role in dormancy regulation. For example, Juvany 
et al. (2015) reported that JA accumulation occurred during 
the transition from dormancy to budbreak in beech (Fagus 
sylvatica L.). Hao et al. (2017) found that, in tea (Camellia 
sinensis L. O. Kuntze), the expression of JA synthesis genes 
was down-regulated during dormancy but up-regulated dur-
ing budbreak. In some temperate fruit crops, these phytohor-
mone dynamics during natural budbreak can be induced by 
hydrogen cyanamide (HC) (Zheng et al. 2015; Wang et al. 
2017; Ionescu et al. 2017a; Liang et al. 2019). In blackberry, 
however, no study has quantified phytohormones in buds or 
investigated their responses to dormancy-breaking agents.

In this study, we hypothesized that the effectiveness of 
urea and LS in breaking bud dormancy can be enhanced 
with increased exposure to winter chill before treatment. 
The objective of this study was to examine the effects of 
the two defoliants applied at the end of chill accumula-
tion on defoliation, budbreak, yield, and fruit quality of 
‘Natchez’ blackberry grown under subtropical climatic 
conditions. We also performed phytohormone profiling to 
understand potential roles of phytohormones in budbreak 
of blackberry.

Materials and methods

Experiment site and plant material

Two field experiments were conducted at a commercial 
blackberry farm located in Plant City, Florida, United States 
(lat. 28°03′N, long. 82°19′W, elevation 39 m) during the 
2018–2019 and 2019–2020 seasons. An erect floricane-
fruiting cultivar, ‘Natchez’, was used. Because a gradual 
decline of plant vigor was observed in ‘Natchez’ (Bolda 
2012), different areas of the farm were used to ensure the 
uniformity of plant vigor between the two growing seasons. 
The estimated chilling requirement of this cultivar is about 
300 h (McWhirt 2017a). The cultural practices used in this 
commercial blackberry farm were described in our previous 
study (Lin and Agehara 2021). For each growing season, 
cumulative chilling hours (below 7.2 °C) between 1 Nov. and 
30 Mar. were obtained from the Florida Automated Weather 
Network (http:// agroc limate. org/ tools/ Chill- Hours- Calcu 
lator/).

Defoliant treatment and experiment design

In both seasons, treatments included the water control 
and two defoliants: urea and LS. The equippments used 
for defoliant application were described in our previous 
study (Lin and Agehara 2021). The spray volume was 
1870 L  ha−1. In the 2018–2019 season, urea and LS were 
sprayed at 187 kg  ha−1 (10%, w/w) on 19 Feb. 2019. In the 
2019–2020 season, the same defoliant treatments were per-
formed on 19 Feb. 2020. A nonionic surfactant (Agri-Dex®, 
Helena Chemical Co., Collierville, Tennessee, USA) was 
added at 0.5% (v/v) to all defoliant treatments including the 
water control.

In the 2018–2019 season, an incomplete unbalanced 
randomized block design with four blocks was used. In the 
2019–2020 season, all treatments had five replicated plots 
arranged in a complete randomized design. In both growing 
seasons, each plot consisted of three to five plants.

http://agroclimate.org/tools/Chill-Hours-Calculator/
http://agroclimate.org/tools/Chill-Hours-Calculator/
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Defoliation and budbreak

Five representative floricanes were selected per plot to 
determine temporal changes in defoliation and budbreak. 
Cane selection and data collection were performed using the 
method described by Lin and Agehara (2021).

Marketable yield and fruit quality

In the 2018–2019 season, fully ripen berries were harvested 
10 times between 2 May and 14 June 2019: six times in May 
and four times in June. In the 2019–2020 season, fully ripen 
berries were harvested 10 times between 7 May and 11 June 
2020: seven times in May and three times in June. May and 
June yields were considered early, and late-season yields, 
respectively. We graded harvested berries according to the 
USDA grade standards (USDA 2016). Both U.S. No. 1 and 
U.S. No. 2 berries were considered marketable.

In the 2019–2020 season, the four largest (by weight) 
marketable berries were sampled per plot during three 
peak harvests. Fruit quality was assessed using the method 
described by Lin and Agehara (2021).

Phytohormone profiling

Buds were sampled from the control and LS treatment 
at 4 days before treatment (DBT) and 3 and 6 days after 
treatment (DAT). Buds sampled at 4 DBT were pooled, 
and only the composite sample was used for phytohormone 
analysis. Buds sampled at 3 and 6 DAT were stored and 
analyzed individually for each treatment. Collected sam-
ples were frozen in liquid nitrogen and stored at − 80 °C. 
The frozen tissues were ground in liquid nitrogen to fine 
powder using the mortar and pestle, and quickly weighed 
(≈ 100 mg) into a pre-chilled 1.5 mL eppendorf tube. Phy-
tohormone extraction and quantification were performed 
following the methods described by Almeida Trapp et al. 
(2014). In brief, cold methanol:water (70:30, v/v) was 
immediately added to the samples. The samples were vor-
texed and sonicated, then extracted at 4 °C for 30 min, and 
centrifuged at 16,000×g at 4 °C for 5 min. The superna-
tant was transferred into a new eppendorf tube and dried 
under nitrogen stream. Each sample was redissolved in 
100% methanol plus labeled standards and the supernatant 
injected into a Waters Acquity I class UPLC connected to 
a Waters Xevo TQ-XS mass spectrometer (Waters Co., 
Milford, USA). Separation was carried out using a BEH 
C18 column 1.76 µm, 2.1 × 150 mm (Waters Co., Milford, 
USA) with  H2O/0.05% formic acid (solvent A) and ace-
tonitrile/0.05% formic acid (solvent B) starting with 5% 
solvent B for 1 min, a gradient from 5 to 95% of solvent B 
over 4 min, hold at 95% solvent B for 0.5 min, then back to 

5% solvent B in 3 min at a flow rate of 0.45 mL  min−1. The 
temperature of the UPLC column was set to 40 °C. The 
source temperature was 150 °C; desolvation gas tempera-
ture: 550 °C; desolvation gas flow: 1000 mL  min−1, cone 
gas flow: 150 mL  min−1; nebulizer: 7 psi. Cone and colli-
sion energy were optimized for each hormone individually; 
IAA,  d5IAA, MeJA and  d5MeJA were analyzed in the posi-
tive ion mode while negative mode was used for JA,  d5JA, 
ABA,  d6ABA,  GA4, 2H2GA4, and  GA3. The selected reac-
tion monitoring (SRM) analysis conditions were optimized 
for each phytohormone and internal standard. TargetLynx 
XS software (version 4.2; Waters Co., Milford, USA) was 
used to quantify peak area and the amount of constitutive 
hormone was based on comparison to labeled hormones.

Statistical analysis

All data were analyzed by the generalized linear mixed 
model procedure (PROC GLIMMIX) in the SAS statistical 
software (SAS 9.4; SAS Institute Inc., Cary, NC, USA). 
Because experiment design was different between the two 
seasons, statistical analysis was performed within each 
season. In the 2018–2019 season, treatments were con-
sidered as a fixed factor, whereas blocks were considered 
as a random factor. In the 2019–2020 season, treatments 
were considered as a fixed factor, and no random effects 
were considered.

Marketable yield and phytohormone data were modeled 
with the lognormal distribution (DIST = LOGNORMAL), 
berry size (e.g. berry fresh weight, length, and width) data 
were modeled with the normal distribution (DIST = NOR-
MAL), fruit SSC data were modeled with the beta distribu-
tion (DIST = BETA). For model parameter estimation and 
degrees of freedom adjustment, the procedures described 
by Lin and Agehara (2021) were followed.

Defoliation and budbreak data were collected in a 
repeated measures design and thus subjected to repeated 
measure analysis. Fixed factors were treatments, time, and 
treatment × time in both seasons. Random factors were 
blocks and block × treatment in the 2018–2019 season 
and replication × treatment in the 2019–2020 season. The 
appropriate covariance structure was identified following 
the procedures described by Lin and Agehara (2021).

For marketable yield and phytohormone data, means 
and standard errors were back-transformed to the original 
scale using the Delta method. For defoliation and budbreak 
data, data were rescaled to the original scale by using the 
inverse link option (ILINK) in the LSMEANS statement. 
Least square means comparisons were performed using the 
Tukey–Kramer test. Unless otherwise noted, P values less 
than 0.05 were considered statistically significant. Back-
transformed or rescaled data are reported in this study.
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Results

Defoliation

In the 2018–2019 season, moderate defoliation occurred 
prior to defoliant treatments, with the percentage of defo-
liation ranging from 71.2 to 73.7% at 1 DBT (Fig. 1a). In 
the control, defoliation progressed slowly from 74.9% at 
9 DAT to 85.4% at 31 DAT. Urea induced nearly complete 
defoliation at 9 DAT, resulting in significantly greater 
defoliation than the control from 9 to 31 DAT (74.9–85.4% 
vs. 99.2–99.9%). Defoliation induced by LS was also 
severe but somewhat slower compared to urea. The LS 

treatment had significantly greater defoliation than the 
control from 24 to 31 DAT (83.7–85.4% vs. 97.9–98.7%).

In the 2019–2020 season, defoliation at 7 DBT was 
similar among the treatments, ranging from 45.9 to 49.8% 
at 7 DBT (Fig. 1a). In the control, defoliation progressed 
slowly but steadily, reaching 68.0% at 34 DAT. Out of the 
two defoliants, only urea accelerated defoliation. From 6 to 
34 DAT, defoliation remained significantly greater in the 
urea treatment (91.7% to 98.2%) than in the control (55.6% 
to 68.0%). In the LS treatment, although defoliation gradu-
ally increased up to 80.1% at 34 DAT, no significant differ-
ence was detected compared with the control.

Fig. 1  Defoliation and budbreak of ‘Natchez’ blackberry grown 
under subtropical conditions as affected by defoliants. a Defoliation 
in the 2018–2019 season and the 2019–2020 season. b Budbreak in 
the 2018–2019 season and the 2019–2020 season. Plants were treated 
with defoliants at 187  kg   ha−1 via spray application (1870  L   ha−1) 
on 19 Feb. 2018 in the 2018–2019 season, and on 19 Feb. 2019 in 
the 2019–2020 season. A non-ionic surfactant (Agri-Dex®) was 
added at 0.5% (v/v) to all treatments including the control. Trt, T and 

Trt × T indicate the effect of the defoliant treatment, time, and inter-
action between the defoliant treatment and time, respectively. NS, *, 
** indicate treatment effects that are not significant or significant at 
P < 0.05, or 0.01, respectively. Means (n = 4 in the 2018–2019 season; 
n = 5 in 2019–2020 season) with the same or no letter within each 
measurement day are not significantly different (Tukey–Kramer test, 
P < 0.05). LS lime sulfur
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Budbreak

In the 2018–2019 season, budbreak was limited among the 
treatment at 1 DBT, ranging from 0.9 to 1.6% (Fig. 1b). In 
the control, budbreak initiated and started increasing from 
13.5% at 9 DAT to 31.6% at 31 DAT. Both urea (42.1%) and 
LS (55.1%) induced significantly greater budbreak than the 
control (13.5%) at 9 DAT. From 16 to 24 DAT, similar trends 
were observed: the LS (68.1–74.3%) and urea treatments 
(43.1–44.1%) showed greater budbreak than the control 
(26.1–28.6%), but only budbreak induced by LS was signifi-
cantly different compared with the control. At 31 DAT, LS 
induced greater budbreak (76.8%). However, no significant 
difference was detected between the urea treatment (42.7%) 
and control (31.6%).

In the 2019–2020 season, we did not observe any bud-
break when the treatments were performed on 19 Feb. 2019 
(data not shown). In the control, budbreak was negligible 
(1.0–2.5%) until 20 DAT but increased gradually thereafter, 
reaching 13.2% at 27 DAT and 27.1% at 34 DAT (Fig. 1b). 
Compared with the control, the onset of budbreak was 
advanced by urea and LS by 14 and 7 days, respectively. 
From 13 to 27 DAT, urea (23.0–61.9%) induced greater 
budbreak than the control (1.0–13.2%) and LS (3.8–24.3%). 
In the LS treatment, although it transiently showed greater 
budbreak than the control at 20 DAT (2.5 vs. 17.9%), this 
difference became non-significant thereafter. At 34 DAT, 
urea induced the greatest budbreak (62.7%), followed by 
LS (42.6%) and control (27.1%). The final budbreak showed 
a significant difference only between the control and urea 
treatment.

Marketable yield

In the 2018–2019 season, peak harvests occurred in May, 
accounting for 73 to 83% of total-season yield (Table 1). 
Although no significant difference was detected, increasing 
trends were observed with the defoliant treatments: com-
pared with the control, the urea and LS treatments increased 
early season yield by 35% and 55%, respectively, and total-
season yield by 19% and 56%, respectively.

In the 2019–2020 season, yield distribution was similar 
to the 2018–2019 season, with 70% to 87% of yield occur-
ring in May. Compared with the control, the urea and LS 
treatments increased early season yield by 88% and 46%, 
respectively, but the difference was significant only for the 
urea treatment. Although not statistically significant, total-
season yield was increased by the urea and LS treatments 
by 51% and 17%, respectively, compared with the control.

Berry size and quality

Significant treatment effects were detected in both berry 
size (fresh weight, length, and width) and SSC (Table 2). 
The control produced 14% heavier berries than the urea 
and LS treatments (8.4 vs. 7.4 g/berry). A similar trend 
was observed in berry length and width, with the control 
producing 3 to 4% longer and 4 to 5% wider berries than 
the urea and LS treatments. There was no significant differ-
ence between the urea and LS treatments in any berry size 
measurement. Fruit SSC was increased by the urea and LS 
treatments by 2% and 5%, respectively, compared with the 
control.

Table 1  Marketable yield of ‘Natchez’ blackberry grown under subtropical conditions as affected by defoliants in the 2018–2019 and 2019–
2020 seasons

LS lime sulfur
a Treatments are as described in Fig. 1
b Data are means ± SE
c Early and late-season yields represented six harvests in May and four harvests in June, respectively
d Early and late-yields represented seven harvests in May and three harvests in June, respectively
e P values indicate the significance of the treatment effect
f Means (n = 4 in the 2018–2019 season; n = 5 in 2019–2020 season) in a column followed by the same letter or no letter are not significantly dif-
ferent (Tukey–Kramer test, P < 0.05)

Treatmenta Marketable yield (t  ha−1)

2018–2019  seasonc 2019–2020  seasond

Early Late Total Early Late Total

Control 6.27 ± 1.82b 1.95 ± 0.66 8.54 ± 2.09 2.80 ± 0.45bf 1.18 ± 0.29 4.02 ± 0.58
Urea 8.47 ± 2.45 1.60 ± 0.54 10.20 ± 2.50 5.26 ± 0.84a 0.63 ± 0.15 6.07 ± 0.88
LS 9.71 ± 2.81 2.88 ± 0.97 13.36 ± 3.27 4.09 ± 0.65ab 0.62 ± 0.15 4.72 ± 0.69
P  valuee 0.560 0.432 0.476 0.048 0.146 0.171
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Phytohormones

Buds in the control remained dormant from 3 to 6 DAT. 
Compared with the control, LS-treated buds started swelling 
at 3 DAT and showed visible budbreak at 6 DAT (Fig. 2a). 
Both ABA and  GA4 production remained similar in the con-
trol and LS treatment at 3 and 6 DAT (Fig. 2b, c). Although 
JA production was decreased by the LS treatment by 36% 
at 3 DAT, this difference was only marginally significant 
(P = 0.058) (Fig. 2d). At 6 DAT, JA production did not differ 
between the control and LS treatment. Significant treatment 
effects were detected only in IAA production (Fig. 2e). IAA 
production was increased by the LS treatment by 377% and 
293% at 3 and 6 DAT, respectively, compared with the con-
trol. The abundance of  GA3 was below our level of detection 
(data not shown).

Discussion

Potential roles of defoliation in budbreak induction

Under warm winter temperatures, defoliation and budbreak 
are often delayed and poor in temperate fruit crops (Walser 
et al. 1981). One of the important functions of defoliation is 
to allow floral buds to become receptive to winter chilling, 
which in turn helps fulfill chilling requirements and reduce 
the depth of dormancy (Lloyd and Firth 1990; Olmstead 
2015). Consequently, defoliants can be used as a strategy to 
maximize winter chill accumulation by inducing early defo-
liation. However, it is unlikely that the application method 
of urea and LS used in this study served this strategy. First, 
cumulative chilling hours were only 209 and 134 h in the 
first and second growing seasons (Fig. 1b), respectively, 
which were not adequate to satisfy the chilling requirement 
of ‘Natchez’ blackberry (300 h) (McWhirt 2017a). Second, 
defoliants were applied at the end of chill accumulation: 75 

to 93% of chilling hours were recorded before the application 
of defoliants. Nonetheless, both urea and LS successfully 
promoted budbreak of ‘Natchez’ blackberry, demonstrat-
ing that their budbreak induction effects are not mediated 
by increases in winter chill accumulation. Therefore, it is 
likely that budbreak induction by urea and LS involves other 
mechanisms, such as elevated oxidative stress (Maleva et al. 
2015) and increased tissue nitrogen concentration (Singh 
et al. 2002; Thitithanakul et al. 2012).

Interestingly, no clear relationship was found between 
defoliation and budbreak in this study. In the first growing 
season, urea induced defoliation more rapidly than LS, but 
LS induced a higher percentage of budbreak than urea. This 
observation suggests that defoliation itself does not trigger 
budbreak. It also supports our theory discussed above that 
defoliant-induced budbreak may involve elevated oxidative 
stress (Maleva et al. 2015) or increased tissue nitrogen con-
centration (Singh et al. 2002; Thitithanakul et al. 2012).

Winter chill may differently affect defoliation 
and budbreak induction effects of urea and LS

Defoliation and budbreak induction effects of LS varied con-
siderably between the two growing seasons, whereas those 
of urea remained relatively consistent. First, complete defo-
liation was achieved by both urea and LS in the first grow-
ing season but only by urea in the second growing season. 
Second, budbreak was promoted by LS to a greater extent 
than by urea in the first growing season, but the opposite 
trend occurred in the second growing season. Although over-
cropping often results in a gradual decline of plant vigor in 
‘Natchez’ (Bolda 2012), this was not the case in this study 
because different areas of the farm were used in the two 
growing seasons. Therefore, the reduced effectiveness of LS 
in the second growing season was due likely to environmen-
tal factors.

Table 2  Berry size and soluble solids concentration (SSC) of ‘Natchez’ blackberry grown under subtropical conditions as affected by defoliants 
in the 2019–2020  seasonb

LS lime sulphur, FW fresh weight
a Treatments are as described in Fig. 1
b Data were collected from three peak harvests between 18 May and 2 June 2019
c P values indicate the significance of the treatment effect
d Means (n = 5) in a column followed by the same letter or no letter are not significantly different (Tukey–Kramer test, P < 0.05)

Treatmenta Berry FW (g) Berry length (cm) Berry width (cm) Fruit SSC (°Brix)

Control 8.44ad 2.60a 2.41a 9.74c
Urea 7.42b 2.44b 2.29b 9.92b
LS 7.42b 2.41b 2.27b 10.21a
P  valuec 0.005 0.031 0.012 0.000
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Winter chill accumulation can affect the effectiveness of 
some defoliants or dormancy-breaking agents (Erez 1995; 
Sheard et al. 2009). It is reported that insufficient chilling 
weakens the responsiveness of blueberry and table grape to 
hydrogen cyanamide in a subtropical climate (Dokoozlian 
et al. 1995; Mohamed et al. 2010; Williamson 2014). In 
apple, Díaz et al. (1987) reported that the final percentage 
of budbreak increased from 25 to 80% by delaying urea 
application from mid-December to early January under low 
winter chill conditions. In this study, plants received 193 and 
101 chilling hours before defoliant treatments in the first and 
second growing seasons, respectively. Chilling triggers the 
floral transition in temperate crops (Henderson and Dean 
2004). Therefore, the fact that the effectiveness of LS was 
reduced in a warmer winter suggests that the floral transition 
stage plays an important role in the mode of action of LS. 
In other words, to activate the effect of LS, floral buds may 
need to be advanced to a specific development stage. Our 
results also suggest that urea and LS have different modes of 
action in the regulation of defoliation and budbreak, and that 
the mode of action of urea is independent of chill accumula-
tion or the floral development stage.

Urea and LS affect yield and yield distribution

Advanced budbreak by defoliants resulted in 35% to 88% 
increases in early season yield. By contrast, June yield 
showed reductions by up to 47% in response to defoliants, 
except for the LS treatment in the first growing season. 
These contrasting seasonal yield responses to defoliants 
reflect changes in yield distribution caused by more con-
centrated early bud break and fruit set. In central Florida, 
blackberry harvesting typically occurs between early May 
and late June (Lin and Agehara 2020a). The average rainy 
season runs from late May through October (Supplemental 
Fig. 1), thereby overlapping with the late-season blackberry 
harvest and increasing the risk of disease damage or physi-
ological disorders, such as sunscald and red duplet rever-
sion (McWhirt 2017b; Lin and Agehara 2018; Edgley et al. 
2019). Therefore, our results suggest that defoliants have the 
potential to improve not only early season yield but also fruit 
quality and marketability by avoiding unfavorable weather 
conditions.

Under subtropical climatic conditions, budbreak and 
yield of blackberry are limited because of the lack of chill 

Fig. 2  Phytohormone levels of ‘Natchez’ blackberry grown under 
subtropical conditions as affected by the LS treatment in the 2018–
2019 season. a Flower bud development at 3 and 6 days after treat-
ment (DAT). b Abscisic acid (ABA). c Gibberellic acid 4  (GA4). d 
Jasmonic acid (JA). e Indole-3-acetic acid (IAA). Treatments are as 
described in Fig. 1. Means (n = 4) with the same or no letter within 
each measurement day are not significantly different (Tukey–Kramer 
test, P < 0.05). LS lime sulfur, FW fresh weight

▸
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accumulation (Lin and Agehara 2020a). The average com-
mercial blackberry yield in the United States from 2007 to 
2017 was 10.3 t  ha−1, according to the USDA’s National 
Agricultural Statistics Service (USDA 2020). In this study, 
total-season yield ranged from 4.02 to 8.54 t  h−1 in the con-
trol, 6.07 to 10.20 t  ha–1 in the urea treatment, and 4.72 to 
13.36 t  ha−1 in the LS treatment, accounting for up to 61%, 
99%, and 130% of the average commercial yield, respec-
tively. These results suggest that, using defoliants as dor-
mancy-breaking agents, blackberry yield at the commercial 
level is feasible even in subtropical climates.

Changes in phytohormone production 
during budbreak induction by LS

Phytohormone synthesis and catabolism change dramatically 
during dormancy and budbreak, regulating these important 
phenological events in response to changes in environmen-
tal conditions. In this study, because budbreak occurred in 
the LS treatment during the bud sampling period, our data 
provide insight into the hormonal regulation of budbreak 
in blackberry and the mode of action of LS. To the best of 
our knowledge, this is the first study reporting changes in 
phytohormone production during budbreak in blackberry.

The transition between dormancy and budbreak is reg-
ulated by the complex crosstalk of phytohormones (Liu 
and Sherif 2019). The antagonistic roles of ABA and GA 
are particularly well documented. In many Rosaceae fruit 
crops, ABA levels increase at the onset of bud dormancy 
and decline during chill accumulation, whereas the exact 
opposite trend occurs with GA. In this study, however, both 
ABA and  GA4 levels were relatively consistent. Because 
buds were sampled at the end of chill accumulation, it is 
likely that the modulation of ABA and  GA4 levels occurred 
before the measurement period.

In addition to GA, JA accumulation plays an important 
role in budbreak of some perennial crops. Juvany et al. 
(2015) reported that JA levels steadily increased from dor-
mancy to budbreak in beech in northeastern Spain (lat. 
42′N). A transcriptome study also found that the expres-
sions of JA synthesis genes were down-regulated during 
dormancy but up-regulated during budbreak in tea plants 
in East-Central China (lat. 30′N) (Hao et al. 2017). In this 
study, there were increasing trends in JA levels during bud-
break, suggesting that JA accumulation may also be involved 
in budbreak of blackberry. Interestingly, although LS sig-
nificantly promoted budbreak, JA levels were not different 
between the control and LS treatment. In HC-treated sweet 
cherry, Ionescu et al. (2017a) reported that the conversion 
of JA to jasmonoyl-isoleucine occurred during budbreak. 
Therefore, this JA conversion may explain the lack of sig-
nificant treatment effects on JA in this study.

As a growth-promoting phytohormone, IAA levels gener-
ally remain low during dormancy but increase rapidly dur-
ing budbreak (Ionescu et al. 2017b; Zhang et al. 2018; Ito 
et al. 2019; Yamane et al. 2019). Our results were in agree-
ment with the previous findings, suggesting that IAA is also 
involved in budbreak of blackberry. Most notably, the stimu-
lation of IAA production by LS coincided with the timing of 
budbreak, further indicating its important role in budbreak 
induction. Many sulfur-containing substances are effective 
in breaking bud dormancy in table grape (Vitis vinifera L.) 
(Kubota et al. 1999; Vargas-Arispuro et al. 2008). LS can 
release hydrogen sulfide after being dissolved in water, 
which is a highly toxic gas known for its characteristic rotten 
egg smell (USDA 2014). Zhang et al. (2009) reported that 
hydrogen sulfide increased IAA levels in shoot tips of sweet 
potato (Ipomoea batatas L). Therefore, hydrogen sulfide 
released from LS could be the active ingredient for stimu-
lating IAA production, and thus budbreak in blackberry.

The budbreak and phytohormone results suggest that poor 
budbreak in blackberry under inadequate chilling conditions 
is due partly to insufficient IAA production. Furthermore, 
increased IAA accumulation appears to be, at least in part, 
the mode of action for LS-induced budbreak. Dormancy is 
regulated not only by phytohormone production but also 
signal reception and transduction (Horvath et al. 2003). 
For, example, recent studies found that GA and ABA signal 
reception and transduction are involved in dormancy release 
in sweet cherry (Prunus avium L.) and Asian pear (Pyrus 
pyrifolia white pear group) (Li et al. 2018; Vimont et al. 
2020). Quantifying the expression of genes related to phy-
tohormone signaling may help elucidate the regulatory role 
of phytohormones in budbreak of blackberry.

Practical implications

Our results demonstrate that urea and LS are effective dor-
mancy-breaking agents for blackberry, and that they can be 
an important management tool for subtropical blackberry 
production. Importantly, these defoliants have several key 
features for successful commercial implementation. First, 
urea and LS are relatively safe compared with HC. Although 
hydrogen cyanamide is widely used as a dormancy-break-
ing agent for some temperate crops (Ionescu et al. 2017b), 
its major drawbacks are hazardous chemical properties 
and potential environmental pollution (Eckel 2007; Schep 
et al. 2009). Second, both urea and LS are readily available: 
urea is a common nitrogen fertilizer, and LS is a fungicide 
labeled for controlling fungal diseases in blackberry. Third, 
they have no negative side effects on fruit development and 
quality.

Cost effectiveness is also an important consideration 
to develop chemical budbreak induction as a commer-
cial management strategy. Based on the prices at a local 
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major supplier of agricultural chemicals and the application 
method used in this study, the application costs of urea and 
LS are $165 and $580 per hectare, respectively, of which 
$35 is for the adjuvant (Agri-Dex®). Therefore, urea appears 
to be the ideal chemical option not only because of its con-
sistent efficacy and favorable safety profile, but also because 
of its low application cost.

Chilling requirements vary considerably among black-
berry cultivars (Drake and Clark 2000; Carter et al. 2006). 
In this study, only one low-chill floricane-fruiting cultivar, 
‘Natchez’, was used. In general, ‘Natchez’ requires 300 chill-
ing hours, whereas other major floricane-fruiting cultivars 
require 400 to 900 chilling hours. In contrast to floricane-
fruiting cultivars, primocane-fruiting cultivars have little 
chilling requirements, but their budbreak is observed to be 
still limited in Florida (Agehara et al. 2020). Therefore, the 
effectiveness of defoliants in inducing budbreak should be 
tested for high-chill floricane-fruiting and primocane-fruit-
ing cultivars. Additional studies are also needed to optimize 
the application rate and spray volume of each defoliant for 
maximizing budbreak induction.

Under current global warming scenarios, dramatic winter 
chill reductions are projected to occur worldwide (Almaz-
roui et al. 2020; Ilori and Ajayi 2020; Luedeling 2012). In 
California, United States, for example, winter chill is pro-
jected to decrease by 50 to 75% by the mid-twenty-first cen-
tury (Luedeling et al. 2009). Therefore, chemical induction 
of budbreak by urea could become an important manage-
ment tool to cope with future loss of winter chill in temper-
ate blackberry production.
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