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HIGHLIGHTS
e This work studies the dormancy dynamics of blueberries growing in mild winter regions.
e The four rabbiteye blueberry cultivars meet the chilling requirements in the study.
e The floral buds of 'Delite’ are more precocious than the other cultivars.

e Insights on how temperate fruit species could behave in warming climate scenarios.

Abstract: Blueberry is an important fruit crop, with many health benefits. Despite its importance, much
remains to be studied concerning the dormancy dynamics in rabbiteye cultivars growing in a mild winter
climate. In this research, the dormancy in blueberry, rabbiteye cultivars ‘Bluegem’, ‘Climax’, ‘Delite’, and
‘Powderblue’, was studied in a mild winter region. The single-node cuttings biological test and the evaluation
of the hydric status were performed in dormant winter reproductive buds. These experiments were performed
during fall and winter in one year (2016). Moreover, chilling hours under or equal to 7.2 °C were measured,
and chill units were calculated according to Utah Model [1], Modified Utah Model [2], and Blueberry Model
[3]. In conclusion, the four cultivars showed a similar pattern, revealing a dormant state in the initial sampling
dates and a released dormancy in the final treatments, showing the decrease of dormancy in June and July.
However, Delite was earlier than the other cultivars. Bluegem and Delite required 134.0 chilling hours, 127.0
chill units (Utah Model), 198.5 chill units (Modified Utah Model), and 971.5 chill units (Blueberry Model) for
50% of their green tip buds reach the opened bud stage. Climax required 44.0, -11.0, 56.5, and 440.5,
respectively. And Powderblue required 44.0, 5.5, 77.0, and 725.0 respectively. This study can bring some
insights into crop management and production of this important fruit crop, especially in a global climate-
changing scenario, related to flowering and dormancy control, as well as helping to select suitable cultivars
to a region, concerning chilling requirements.

Keywords: blueberry; bud; budbreak; chilling; climate change; dormancy; Ericaceae; Vaccinium.
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INTRODUCTION

The bud dormancy phenomenon has been studied in many perennial plants [4]. The process of
dormancy was defined by Lang [5] as a “temporary suspension of visible growth of any plant structure
containing a meristem”. It was described and classified by the author as ecodormancy, paradormancy, and
endodormancy. Ecodormancy is regulated by environmental factors; for example, buds in extreme
environmental conditions, such as low temperatures or drought periods, can pause growth and can resume
growth after all the essential factors required for it are adequate. Paradormancy is a correlative inhibition,
caused by physiological circumstances outside the bud itself, such as apical dominance. Finally,
endodormancy is regulated by physiological factors inside the affected bud [5], and it can occur in most
temperate climates in early autumn. Endodormant buds have a delay and reduced growth rate compared to
non-dormant buds when placed in growth-adequate conditions. This endodormancy could be triggered by
short day length or short periods of cold temperatures, and it needs an extended cold or drought treatment
to be broken [4]. Once the endodormant bud is not released, it cannot grow. In temperate climates, the chilling
amount to release the bud endodormancy can be easily met. However, in tropical or subtropical areas,
temperate species can face a problem in budbreak and flowering if temperatures are not cold enough [6].

Although many factors related to dormancy have been studied, some of them remain still unsolved [7].
One of the approaches used is the single-node cuttings biological test [8], used to determine the depth of the
bud dormancy [9]. It has been performed in several species such as apricot [10], plum [11,12], peach
[6,11,13,14], apple [15-17], pear [15,16,18], sweet cherry [19], kiwi [20], and grape [20].

Another test is to evaluate the hydric status of the buds, which can be linked to the dormancy
mechanisms [21]. Some other methods that can be used to estimate the completion of the dormancy period
are based on calculating the chilling hours (number of hours below 7.2 °C) or the chill units and comparing
them to each cultivar chilling requirements. Since the chilling hours method does not consider temperatures
above 7.2 °C, that could influence dormancy, some other methods were developed, using chill units. These
methods can estimate a broader temperature range, with a positive or negative chill-unit contribution [2]
converting temperatures into chilling units necessary for dormancy break. One of them, the Utah Chill Unit
Model [1], consists of a mathematical model that relates the temperatures to effective chill units. Considering
that in mild winter climate regions, the lower fall and winter temperatures can be interrupted by higher
temperatures, the original Utah Model may not work all the years satisfactorily, resulting in a negative
accumulated chilling. For this reason, some other models have been developed, such as the Modified Utah
Chill Unit Model [2]. In this model, there is a restriction on the accumulation of the high temperatures in
between lower temperatures during the fall and winter [22]. This modification represents a more suitable
model for mild-winter conditions, where chilling temperatures can be interrupted by higher temperatures [2].
In another approach, specifically in a rabbiteye blueberry cultivar, Spiers [3] used a chill unit model proposed
by Biggs [23] that takes into consideration that the chilling requirements of rabbiteye blueberries are partially
accomplished by higher temperatures [24].

Blueberry is a woody perennial species in the family Ericaceae and genus Vaccinium [25]. There are
several species of blueberries in the genus Vaccinium, and cultivars are separated into three groups,
highbush, lowbush, and rabbiteye, according to their chilling requirement and winter cold hardiness.
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Rabbiteye cultivars are the least demanding in chilling hours for normal floral development, and their floral
buds do not tolerate temperatures much below freezing [24]. Even using low chilling demanding cultivars,
growing temperate species under subtropical or tropical climate can represent a challenge to overcome,
primarily related to chilling requirements and transposing the buds dormancy [7]. The right amount of chilling
accumulation is essential for floral bud formation. If these requirements are not met, budbreak and fruit
production can be highly affected [26]. Therefore, understanding the complex process of dormancy in
temperate species has a vital role in studying their physiological behavior. It can also help develop more
assertive agronomical traits, such as, in low chill cultivars (mostly evergreen), the combination of pruning with
drought, for example, to help induce dormancy.

Even though some aspects related to the dormancy in some blueberry cultivars have been described
[3,27-29], some aspects need further understanding, especially concerning growing Rabbiteye cultivars in
mild winter regions. To address this gap, the objective of this work was to study the seasonal dynamics of
reproductive buds in blueberry, rabbiteye cultivars, under subtropical climatic conditions, in one year (2016).
For this research, the single-node cuttings biological test and the estimation of the relative water content and
the water content in the floral buds were performed in four different cultivars ‘Bluegem’, ‘Climax’, ‘Delite’ and
‘Powderblue’, along with the estimation of chilling hours, and chilling units using three different methods and
comparing the chilling accumulation to the dormancy behavior of the floral buds.

MATERIAL AND METHODS

Plant material

The study was conducted during the Southern Hemisphere fall and winter (from April to August 2016).
Four rabbiteye blueberry cultivars, Vaccinium virgatum Ait., were tested: ‘Bluegem’, ‘Climax’, ‘Delite’ and
‘Powderblue’. Plant material was collected from an orchard at Canguiri Experimental Station/UFPR in
Pinhais/PR/Brazil (920 m above sea level; latitude 25°23' S; and longitude 49°07' W) and experiments were
conducted at the Micropropagation Laboratory, UFPR.

Climatic characterization

The climate in the region is Cfb, according to Képpen, humid subtropical zone, oceanic climate without
a dry season and with temperate summer, with summer temperatures below 22 °C and winter temperatures
ranging between 18 °C and -3 °C [30]. In this year studied (2016), according to data from Simepar at Pinhais
Meteorological Station, the monthly average temperatures in April, May, June and July were 20.3, 14.5, 11.2,
and 13.7 °C, respectively (Figure 1). The average maximum temperatures were 26.3, 18.8, 16.4, and 19.7
°C, respectively and the average minimum temperatures were 16.3, 11.6, 7.5, and 8.9 °C, respectively. The
beginning of April showed high temperatures, but at the end of month temperatures dropped down. May
showed higher precipitation compared to other years. And June and July had many consecutive days of low
temperatures [31]. The daily temperatures are shown in Figure 2. Negative temperatures were observed only
on June 12 (-1.4 °C) and June 13 (-0.2 °C).
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Figure 1. Monthly temperatures from April to July 2016, in Pinhais/PR/Brazil. Data from Simepar-Pinhais Meteorological
Station.
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Figure 2. Daily temperatures from April to July 2016, in Pinhais/PR/Brazil. Data from Simepar-Pinhais Meteorological
Station.

Single-node cuttings biological test

The dynamics of dormancy was studied using the single-node cuttings biological test [8]. Shoots
containing floral buds were collected every two weeks, from April 25 to August 1, 2016 (eight sampling dates),
and were treated with an immersion in fungicide solution for 5 minutes (Cercobin® 0.2%). The most apical
region of the stem was discarded, and 40 cuttings, 5 cm long, were prepared for each cultivar, in each date
of collecting, totalizing 160 cuttings per collecting date and 1280 cuttings in the total. Each cutting maintained
only one floral bud (the most apical one) and had all the leaves and the rest of the buds removed (Figure 3).
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Figure 3. Blueberry dormancy evaluation. (a) 5 cm cuttings prepared for the biological test. (b) Single-node cuttings in
the biological test. (c) Floral buds removed for hydric status evaluation. (d) Blueberry field on June 20, 2016. (e)
Blueberry field on July 18, 2016. (f) Cuttings collected on August 1, 2016, for the biological test.

Cuttings were placed in a plastic box, in vermiculite substrate and maintained moistened (Figure 3b).
Each plastic box contained 40 cuttings and was placed in a culture room under forcing conditions to sprout
(25 °C + 2 °C under a 16-hour photoperiod with a light intensity of 40 umol m2 s provided by cool-day
fluorescent lamps). Cuttings were individually observed and recorded three times a week, for 40 days. Stages
were observed according to three developmental floral bud stages: dormant winter bud, green tip bud, and
opened bud (Figure 4) [adapted from 32]. Dormant winter bud (DW) refers to the state when buds are
collected, with no visible swelling and no signs of growth (Figure 4a). Green tip bud (GT) shows the first sign
of swelling and growth, with a green tip noticeable in the bud (Figure 4b). Opened bud (OB) shows a wider
area of green tissue in the bud and increased swelling, individual flowers can be seen between the bud scales
(Figure 4c).

Figure 4. Developmental floral bud stages in blueberry: a) dormant winter bud (DW), b) green tip bud (GT), and c)
opened bud (OB). Scale bars =1 cm.
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The time to budburst was recorded when green tip bud was first visible (Figure 4b). The mean time to
budburst (MTB), in days, reflects the average number of days that individual buds lapse from collecting to
budburst (number of days that DW buds took from the date of collecting and the date GT was observed). It
was calculated as follows:

MTB = EETt) 1)

Where:

nGT; = number of buds that achieved the green tip stage at a certain time “i” (i=1 to 40);

ti = number of days “i” (i=1 to 40), from the beginning of the experiment to a certain date where the green
tip was observed

GT = total number of buds that achieved green tip stage.

The final budburst rate (FBR) reflects the percentage of buds that achieved the green tip bud stage
related to the number of initial dormant winter buds, in %.

GT X100
" (2)

FBR =

Where:
GT = number of buds that achieved the green tip stage;
DW = number of initial dormant winter buds in the experiment.

For the velocity of budburst (VB), it is calculated the average time that buds took from the beginning of
the experiment to achieve the GT stage, calculated in buds.days™.
nGT;

t;

VB = 3)
Where:
nGT; = number of buds that achieved the green tip stage at a certain time “” (i=1 to 40);
ti = number of days “i” (i=1 to 40), from the beginning of the experiment to a certain date where the green
tip was observed.

Vigorous budburst rate (VBR) refers to the percentage of buds that reached the OB stage divided by the
number of buds that had previously achieved the GT stage, in %.

VBR = 9Bx100 @)
GT

Where:
OB = number of buds that achieved the opened bud stage;
GT = number of buds that achieved the green tip stage;

Relative water content (RWC) and water content (WC) in the floral buds

The relative water content (RWC) was evaluated, weighing 45 floral buds per cultivar in each sampling
date. The fresh weight (mg) was recorded the same day the buds were collected, and the dry weight (mg)
was evaluated three days after remaining in a drying chamber at 60°C. The difference was divided by the
fresh weight and multiplied by 100 to give a % result.

The water content (WC) was calculated by the difference between fresh weight and dry weight divided
by dry weight and was expressed in g water.g™ bud dry weight.

Chilling accumulation

The environmental conditions were estimated using data from Simepar - Pinhais Meteorological Station,
hourly measured. The chilling hours' estimation was made calculating the numbers of hours of temperature
below or equal to 7.2 °C between each of the periods, and accumulating them in each period. The
temperatures hourly measured were also converted to chill units for the period evaluated and also
accumulated, according to the Utah Chill Unit Model [1], the Modified Utah Chill Unit Model [2], and the
Blueberry Model [3]. According to the Utah Model [1], positive chill-units begin to accumulate just after the
day in the fall when the negative accumulation is experienced.
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In the three models, negative units (higher temperatures) started to be recorded after the first day with
positive units (lower temperatures) only. In this work, it occurred on April 27, 2016, for the first two models
and on April 26, 2016, for the Blueberry Model. Moreover, according to the Modified Utah Model [2], the
negative units (higher temperatures) were used only until a maximum of 96 consecutive hours. The negative
units could be accumulated again only after a positive chill unit (lower temperature) occurred.

Table 1. Conversion of temperatures to chill units according to the Utah Chill Unit Model [1] and according to the
Blueberry Model [3].

Utah Chill Unit Model Blueberry Model
Temperature Chill units Temperature Chill units
°C °F °C
<14 <34 0 <2 0
15t024 35to0 36 0.5 3to5 0.5
25t009.1 371048 1 6 to 15 1
9.2t012.4 49 to 54 0.5 15t0 18 0.5
12.5t015.9 55 to 60 0 19to 21 0
16.0 to 18.0 61 to 65 -0.5 22to 24 -0.5
>18.0 > 65 -1 > 25 -1

Experimental design, data collection, and statistical analysis

The experiments for the single-node biological test were conducted in a completely randomized design
using a two-factor experiment (4 x 8), with four different cultivars and eight different sampling dates. There
were 32 treatments in total; each treatment contained ten cuttings and was replicated four times (40 cuttings
per treatment). Resulting in a total of 1,280 cuttings. All the plants were evaluated, and the means in each
replication were estimated. Subsequently, the mean of the four replications in each treatment was calculated.

The variables MTB (days), FBR (%), velocity of budburst (buds.days™), and vigorous budburst rate (%)
were square-root transformed before analyses. Two-way ANOVA was performed to detect any interaction
between 2 factors and to check about the statistically significant difference between treatments. In all the
variables analyzed, the interaction between the two factors (cultivars and sampling dates) was detected (p <
0.01). First, Tukey's test (p < 0.05) was performed for each of the sampling dates, inside each of the cultivars,
and also Tukey's test (p < 0.05) was performed for each sampling date, inside each cultivar. Results were
shown in a table where means followed by the same uppercase letter in the same column, and by the same
lowercase letter in the horizontal lines are not statistically different.

For relative water content and water content evaluation, the experiment was a completely randomized
design using a two-factor experiment (4 x 8), with four different cultivars and eight different sampling dates.
There were 32 treatments in total; each treatment contained 15 floral buds and was replicated three times
(45 buds per treatment), totalizing 1,440 buds. All the buds were measured, and ANOVA and Tukey’s test
were used as described above for the other experiment.

For these analyses, the software Assistat was used. Plants and buds in the culture room were taken
pictures using a Canon PowerShot SX30 IS camera. Digital images were saved in JPG format with a
resolution of 4320 x 3240 pixels.
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RESULTS

The number of chilling hours and chill units occurring during the period of the experiment can be observed
in Table 2. It was recorded a total of 212 chilling hours, that corresponded to an accumulation of 267 chill
units using the Utah Model, 393 chill units using de Modified Utah Model, and 1676.5 chill units using the
Blueberry Model. Until the date of the first sampling (April 25), no chilling hours or chill units were recorded.
Lower temperatures were recorded starting in the second period (from April 25 to May 9), where 44 chilling
hours were seen, 32.5 chill units using the Utah Model, 48.5 using the Modified Utah Model, and 201.5 chill
units in the Blueberry Model. The third (May 9 to May 23) and fourth (May 23 to May 6) periods did not show
many low temperatures, totalizing 0 chilling hours and -43.5 and 16.5 chill units, respectively, using the Utah
Model, and 8.0 and 20.5 chill units, respectively, using the Modified Utah Model. However, the Blueberry
Model presented 239.0 and 284.5 chill units, respectively.

On the other hand, on the fifth (June 6 to June 20) and the sixth (June 20 to July 4) periods, chilling hours
were 90 and 19 hours, respectively, and chill units were 121.5 and 86.5, respectively, using both the Utah
Model and the Modified Utah Model. While the Blueberry Model presented 246.5 and 272.0 chill units. In the
seventh period (July 4 to July 18), 33 chilling hours were observed, but negative chill units (-46.5) in the Utah
Model and 8.0 chill units in the Modified Utah Model. The Blueberry Model kept registering positive chilling
units (169.0). Moreover, finally, in the eighth period (July 18 to August 1), 26 chilling hours were observed
corresponding to 100 chill units in both the Utah Model and the Modified Utah Model and 265.0 chill units in
the Blueberry Model.

Table 2. Chilling hours (< 7.2 °C) and chill units calculated using the Utah Model (Richardson at al., 1974), the Modified
Utah Model (Ebert at al., 1986), and the Blueberry Model [3], Pinhais/Paran&/Brazil, 2016. Abbreviation: accum.,
accumulated.

Chilling Hours Chill Units Chill Units Chill Units
(n. hours £7.2°C) (Utah Model) (Modified Utah (Blueberry Model)
Model)

Period Period Accum. Period Accum. Period Accum. Period Accum.
April 01-April 25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
April 25-May 9 44.0 44.0 325 325 48.5 48.5 201.5 201.5
May 9-May 23 0.0 44.0 -43.5 -11.0 8.0 56.5 239.0 440.5
May 23—-June 6 0.0 44.0 16.5 55 20.5 77.0 284.5 725.0
June 6-June 20 90.0 134.0 121.5 127.0 121.5 198.5 246.5 971.5
June 20-July 4 19.0 153.0 86.5 2135 86.5 285.0 272.0 12435
July 4-July 18 33.0 186.0 -46.5 167.0 8.0 293.0 168.0 1411.5
July 18—August 1 26.0 212.0 100.0 267.0 100.0 393.0 265.0 1676.5

The progression of MTB in the four cultivars can be observed in Table 3. The four cultivars had similar
behavior, showing that MTB decreased along with the experiments. The first sampling date did not show any
budburst for ‘Bluegem’, ‘Climax’, and ‘Powderblue’. Only ‘Delite’ showed an MTB of 32.3 days during the first
period. During the fall and winter, MTB decreased in all the cultivars, reaching an average of 2.8 days in the
last period analyzed for the four cultivars.

The FBR (Table 3) details the results in the four cultivars, showing that ‘Delite’ had higher FBR in the
initial periods comparing to the other cultivars. However, considering the middle of the observations and the
end of the experiment, the four cultivars had a similar pattern. For all the cultivars, the initial sampling dates
showed lower FBR, which increased during the time. It was possible to observe that the four cultivars
analyzed were released from dormancy by the end of the experiment, reaching FBR rates from 97.50 and
100.0%.
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Table 3. Mean time to budburst (MTB) in days and final budburst rate (FBR) in % in the single-node cuttings biological
test performed with ‘Bluegem’, 'Climax’, 'Delite’ and 'Powderblue’ rabbiteye blueberry cultivars collected in
Pinhais/PR/Brazil, 2016.

Mean time to budburst (MTB) days

Sampling Bluegem Climax Delite Powderblue Mean
date

April 25 - A - A 32.3 A - A 32.3
May 9 304 a B 253 ab B 238 b B 259 ab B 26.4
May 23 170 b C 142 bc C 115 ¢ C 249 a B 16.9
June 6 146 a C 90 b D 100 b CD 116 ab C 11.3
June 20 8.1 c D 143 ab C 10.3 bc CD 156 a C 12.1
July 4 38 b E 43 b E 75 a D 45 b D 5.0
July 18 76 a D 8.1 a D 6.5 a D 37 b D 6.5
August 1 33 a E 25 a E 3.0 a E 21 a D 2.8
CV% 8.6

Final budburst rate (FBR) in %

Sampling Bluegem Climax Delite Powderblue Mean
date

April 25 00 b D 00 b D 575 a CD 00 b D 14.4
May 9 175 bc C 100 ¢ C 55.0 a D 250 b C 26.9
May 23 26.7 b C 20.0 b C 825 a ABC 30.0 b C 39.8
June 6 675 ab B 225 ¢ BC 90.0 a AB 65.0 b B 61.3
June 20 70.0 a AB 40.0 b B 80.0 a ABCD 775 a AB 66.9
July 4 675 bc B 90.0 ab A 62.5 c BCD 925 a AB 78.1
July 18 975 a A 925 a A 100.0 a A 100.0 a A 97.5
August 1 975 a A 100.0 a A 100.0 a A 100.0 a A 99.4
CV% 10.6

Means followed by the same lowercase letter within the horizontal line and the uppercase letter within the column are
not significantly different according to Tukey's test (p<0,05).

It is possible to observe that the initial sampling dates showed a lower velocity of budburst than the final
sampling dates (Table 4). The final sampling date showed higher velocity, with numbers varying from 4.28 to
4.91 buds per day. It was also noticed that, in all the cultivars, the initial sampling dates treatments presented
much lower rates than those vigorous budburst rate observed along the time, especially from June until the
end of the experiments (Table 4). By June 20, it was observed that 71.4% (Bluegem) to 100.0% (Powderblue)
of green tip buds (GT) reached the open flower bud (OB) stage. Besides, all the four cultivars presented a
vigorous budburst rate of 100% at some point of the experiment. This maximum rate was achieved at different
sampling dates by the cultivars. In Powderblue, 100% green tip buds (GT) reached the opened flower bud
stage (OB) in June 20. In Bluegem and Climax, 100% green tip buds (GT) reached the opened flower bud
(OB) stage at July 4. And in Delite, this happened in July 18 (Table 4).
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Table 4. Velocity of budburst (VB) in buds.day! and vigorous budburst rate (VBR) in %, in the single-node cuttings
biological test performed with ‘Bluegem’, ‘Climax’, ‘Delite’ and ‘Powderblue’ rabbiteye blueberry cultivars collected in
Pinhais/PR/Brazil, 2016.

Velocity of budburst (VB) in buds.day™

Sampling date Bluegem Climax Delite Powderblue Mean
April 25 - F - F 0.18 D - F 0.18
May 9 0.06 b EF 0.04 b EF 0.25 a D 0.10 ab EF 0.11
May 23 020 b E 0.17 b DE 0.78 a C 013 b E 0.32
June 6 057 b D 034 b D 1.09 a C 0.60 b D 0.65
June 20 127 a C 0.35 ¢ D 092 ab C 0.69 b D 0.81
July 4 196 b B 256 a B 1.10 c C 251 ab C 2.03
July 18 135 b BC 165 b C 183 b B 343 a B 2.06
August 1 428 a A 460 a A 451 a A 491 a A 4.58
CV% 12.14

Vigorous budburst rate (VBR) in %

Sampling date Bluegem Climax Delite Powderblue Mean
April 25 00 a B 00 a C 0.0 a B 00 a B 0.0
May 9 00a B 0.0 a C 0.0 a B 0.0 a B 0.0
May 23 63 b B 58.3 a B 00 b B 50 b B 17.4
June 6 91 c B 417 ab B 114 bc B 619 a A 31.0
June 20 714 a A 88.8 a A 729 a A 100.0 a A 83.3
July 4 1000 a A 100.0 a A 80.2 a A 100.0 a A 95.1
July 18 950 a A 100.0 a A 100.0 a A 100.0 a A 98.8
August 1 894 a A 975 a A 975 a A 100.0 a A 96.1
CV% 30.0

Means followed by the same lowercase letter within the horizontal line and the uppercase letter within the column are
not significantly different according to Tukey’s test (p<0,05).

The analyzed variables relative water content and water content (Table 5) also showed that in the initial
treatments the water was lower than in the final treatments, showing that at the beginning of the winter, the
floral buds had less relative water content and less water content than at the end of the experiment.

Table 5. Relative water content (RWC) in % and water content (WC) in the floral buds with '‘Bluegem’, 'Climax’, 'Delite’,
and 'Powderblue' rabbiteye blueberry cultivars collected in Pinhais/PR/Brazil, 2016.
Relative Water Content (RWC) in %

Sampling date Bluegem Climax Delite Powderblue Mean
April 25 58.3 b CD 628 a B 55.9 bc D 54.7 c CD 57.9
May 9 639 a B 63.3 a B 63.9 a AB 58.4 b BC 62.4
May 23 574 b DE 62.1 a B 60.2 ab BC 58.3 b BC 59.5
June 6 541 a EF 57.0 a CD 53.9 a D 54.7 a CD 54.9
June 20 55.9 ab DE 579 a C 55.9 ab D 541 b D 55.9
July 4 50.4 b F 539 a D 40.8 ¢ E 42.1 c E 46.8
July 18 619 a BC 581 b C 572 b CD 504 ab B 59.2
August 1 68.3 a A 679 a A 65.4 a A 67.3 a A 67.2
CV% 2.70

Water Content (WC) in g water.g™* bud dry weight

Sampling date Bluegem Climax Delite Powderblue Mean
April 25 140 b C 169 a B 127 b C 121 b C 1.39
May 9 1.78 a B 173 a B 1.77 a A 140 b BC 1.67
May 23 135 b C 164 a B 151 ab B 140 b BC 1.48
June 6 1.18 a CD 133 a C 1.17 a C 121 a C 1.22
June 20 127 ab C 138 a C 1.27 ab C 118 b C 1.27
July 4 1.03 a D 117 a C 0.69 b D 0.73 b D 0.90
July 18 1.63 a B 138 b C 134 b BC 146 ab B 1.45
August 1 2.16 a A 212 a A 1.89 b A 206 ab A 2.06
CV% 6.30

Means followed by the same lowercase letter within the horizontal line and the uppercase letter within the column are
not significantly different according to Tukey's test (p<0,05).
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Figure 5 shows the dormancy dynamics of each cultivar along the experiment, referring to the chill units
accumulated in each of the periods of the experiment.

Bluegem Climax
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Figure 5. Comparison of chill units calculated with the Blueberry Model [3] along the experiment and four variables
evaluated in the eight sampling dates: MTB in days, FBR in %, Vigorous budburst rate in %, RWC in %, and sampling
dates where at least 50% of the initial DW buds reached GT stage (purple arrow) and where at least 50% of the GT
buds reach the OB stage (red arrow), in the single-node cuttings biological test performed with ‘Bluegem’, 'Climax’,
'‘Delite’ and 'Powderblue’ rabbiteye blueberry cultivars collected in Pinhais/PR/Brazil, 2016. Abbreviations: DW, dormant
winter buds; FBR, final budburst rate; GT, green tip bud stage; MTB, mean time to budburst; OB, opened bud stage;
RW(C, relative water content.

In Table 6 the cultivars are shown, and respective chilling hours and chill units required for at least 50%
of green tip buds to reach the opened bud stage.

Bluegem and Delite required 134.0 chilling hours, 127.0 chill units (Utah Model), 198.5 chill units
(Modified Utah Model), and 971.5 chill units (Blueberry Model). Climax required 44.0 chilling hours, -11.0 chill
units (Utah Model), 56.5 chill units (Modified Utah Model), and 440.5 chill units (Blueberry Model). And
Powderblue required 44.0 chilling hours, 5.5 chill units (Utah Model), 77.0 chill units (Modified Utah Model),
and 725.0 chill units (Blueberry Model).

Table 6. Rabbiteye blueberry cultivars 'Bluegem’, 'Climax’, 'Delite’, and 'Powderblue’ chilling requirement to opened bud
stage in Pinhais/PR/Brazil, 2016, according to chilling hours and chill units estimations compared to the literature.
Abbreviations: GT, green tip bud stage; OB, opened bud stage.

Cultivars Sampling date Chilling Chill Units Chill Units Chill Units Literature
when 50% of Hours (n. (Utah Model)  (Modified (Blueberry
GT buds reach  hours <7.2 Utah Model)
OB stage °C) Model)

Bluegem June 20 134.0 127.0 198.5 971.5 400 [24]
Climax May 23 44.0 -11.0 56.5 440.5 400 [24]
Delite June 20 134.0 127.0 198.5 971.5 500 [24]
Powderblue June 6 44.0 5.5 77.0 725.0 550-600 [33]
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DISCUSSION

The chilling requirements have represented major problems for blueberry production in warmer winter
regions [33]. Moreover, considering global climate changing, understanding the dormancy mechanisms, and
chilling requirements are of crucial importance for the sustainable production of temperate crops [34].

Different species and different cultivars have a significant variation in chilling requirements [35,36].
Rabbiteye and southern highbush cultivars usually require fewer chilling hours for budbreak and flowering
than northern highbush cultivars [37]. According to the literature, ‘Climax’ is around 400 chilling hours, ‘Delite’
around 500 hours, and ‘Powderblue’ requires 550-600 hours [24], while ‘Bluegem’ ranges around 400 hours
[38]. However, these values represent an estimate and are not accurate to every region of interest [33].
Furthermore, it is difficult to achieve a precise determination of chilling requirements under field conditions
for breaking dormancy, due to many factors not controlled, like radiation and oscillations in temperature [39].
Also, different combinations of chilling and forcing may explain different chilling values determined in each
region [40].

In the present study, the Blueberry Model estimated more chill units (in a total of 1676.5 chill units until
the end of the experiment) than the Utah Model (a total of 267.0 chill units until the end of the experiment)
and the Modified Utah Model (393.0 chill units). According to the Blueberry Model, by May 23, the number of
chilling units achieved was 440.50, and, by June 6, a total of 725.0 chill units were recorded. These results
seem to be a closer estimation of chilling units related to the rabbiteye cultivars requirement presented in the
literature. The present work showed that the highest FBR in Delite was achieved around May 23; Powderblue
and Bluegem in June 20, and Climax in July 4. Our results are consistent with the highlighted in a study with
apple buds, which shows that dormancy (its entrance and its highest level) are correlated with cold winter
temperatures [17].

According to the highest FBR, it was observed that Delite was more precocious than Bluegem, Climax,
and Powderblue, presenting 82.5% FBR on May 23, while the other cultivars had FBR around 20-30% at this
sampling date, showing in this study a possibility of lower requirement in chilling units by Delite (Table 3).
However, the vigorous budburst rate indicated that, only in the sampling dates from June 20 and subsequent
ones, Delite showed higher rates (72.9-100.0%) (Table 4). Besides, the MTB in Delite showed a decrease
on June 6, but reached 3.0 days to budburst only on August 1, indicating that despite being precocious, it
showed a slower pace in the dormancy dynamics (Table 3). Keeping on observing the FBR, Delite had at
least 50% of DW buds reaching GT stage earlier than the other cultivars, on April 25. Bluegem and
Powderblue had at least 50% of their DW buds reaching this stage only on June 6. And Climax on July 4
(Figure 5).

Considering the dynamics of the MTB observed in these rabbiteye cultivars, data is in accordance with
work in apricot [10], where the MTB showed a rapid decrease as soon as the dormancy break occurred.
Additionally, the FBR followed a pattern similar to the study in grapes, where the FBR stayed elevated from
June until August [20]. Concerning the velocity of budburst, our results are similar to the ones in the
experiment with grape [20], where the highest velocity of budburst was found in the last days of sampling,
showing the releasing of dormancy.

Observing the vigorous budburst rate, Climax evolved faster and 50% of GT buds in Climax reached OB
stage on May 23, before the other cultivars. Powderblue reached this stage on June 6 and Bluegem and
Delite on June 20.

Evaluating the RWC and WC in the floral buds, the higher rates were observed at the beginning of the
experiment and at the end. They were observed in the first and second sampling dates, depending on the
cultivar analyzed. Then, these rates tended to have lower values along with the experiment and a new
increase at the last or the last two sampling dates. This increase in the relative water content and water
content coincided with the end of the dormancy period. This data confirms that dormancy is also represented
by a physical and morphological barrier, impeding the meristem to receive water. These findings are
congruent with the research in peach flower buds, where it was found that, at the end of the endodormancy,
the floral buds showed activation of inter- and intracellular communication. The authors described that this
activation was related to aquaporin membrane transport, leading to an increase in water content necessary
for buds activity [41]. This activation of aquaporins leads to an increase in water content just before the bud
restarts the growth [42]. Working with apples, the authors observed rehydration of the buds along with the
endodormancy release and establishment of the ecodormancy stage, either in temperate or mild winter
climates; with the difference that in the temperate region the rehydration of the apple buds were slower than
in mild winter climate, and that this transition can be related to a progressive increase of the temperatures,
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to allow an active metabolism. One of the reasons to these differences would be the lower development rate
of xylem vessel, and lower metabolic activity, with a delay in the development of the osmotic potential of the
meristematic cells and their sink strength in trees in colder temperatures [17]. Another work, in cherry floral
buds, links the relative water content to the phases of dormancy. It shows that the relative water content
decreased during the phase of endodormancy and increased in the transition from endo- to ecodormancy,
showing this rehydration of the floral buds coinciding with the achievement of the minimum chilling
requirement of these cherry varieties [43]. The authors described in ‘Packham’ and ‘Triumph’ pear cultivars
the same pattern in dormancy, observing that the new growth of buds coincided with a significant increase in
their water content [44].

Some authors studied in sweet cherry the combination of chilling and forcing (subsequent warming
period) effect on dormancy breaking, where extra forcing can partially substitute the lack of chilling and is an
opportunity for low chilling regions to grow temperate fruit crops. In their study, the authors concluded that
there is a need of a minimum chilling period before the forcing period to become effective on inducing buds
to flower [40].

Some other possibilities for future research would be testing some new released southern highbush
blueberry cultivars ‘Atlasblue’, ‘Biancablue’, and ‘Jupiterblue’ [45], to grow in an evergreen system. This
system could be used in mild winter climates, due to geographical location or even concerned to climate
changing scenarios. These cultivars require very low chilling to grow. And then, the flowering, fruiting and
subsequent harvest season in the evergreen production can be controlled by different pruning and fertilization
methods [37]. Some regions use this evergreen system to anticipate the harvesting period, to an off-season
time (such as winter and early spring) [46]. This anticipation, however, is dependent on the absence of
freezing temperatures that could damage the early developing flowers, at least during this period of
development.

The present study evaluated and compared the dormancy dynamics in four rabbiteye blueberry cultivars
during different periods of one-year fall/winter. In this way, additional research can be developed to increase
more years and add more variability under different environmental conditions. Taking into account that
literature shows that different temperatures before collecting the cuttings could modify the time to budburst
[47], that cultural variables may influence the chilling response [29], we expect that future research can
expand and deepen this knowledge, based on the promising results found here.

CONCLUSION

In summary, the data presented showed that the four cultivars had a dormancy release during the period
evaluated in the experiments. It might indicate that the floral buds of these cultivars would meet their chilling
requirements in the studied region. The four blueberry cultivars analyzed in this work showed that dormancy
was deeper in the initial dates of sampling and started to decrease along with the fall and winter. In the initial
sampling date of April 23, they showed no or very little budburst, and at the final dates (July and August) they
showed numbers around 100% of FBR, lower MTB, higher velocity of budburst, higher percentage of vigorous
budburst rate and also higher RWC and WC, showing that they had overcome dormancy. Despite some
similar behavior of the four cultivars, it was possible to observe that ‘Delite’ had superior FBR in the first three
dates of sampling (April and May), demonstrating that it had been released of dormancy earlier than
‘Bluegem’, ‘Climax’ and ‘Powderblue’. This work represents an initial approach to dormancy in rabbiteye
cultivars in mild winter regions and can be of valuable importance to be further explored in other geographical
regions and with different blueberry cultivars.
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