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Abstract: Bud dormancy is an important developmental stage that ensures that trees can tolerate envi-
ronmental stresses in winter and bloom uniformly in the following spring. Regarding Rosaceae floral
buds, exposure to chilling conditions promotes floral primordium development and the transition
from endodormancy to ecodormancy. A subsequent period of warm conditions induces blooming.
In Japanese apricot (Prunus mume), dormancy progression is accompanied by morphological changes
that alter the bud appearance and internal structures. We used a modified BBCH scale and conducted
microscopy analyses to elucidate the bud developmental stage of three cultivars with contrasting
chilling requirements. The floral bud developmental period corresponding to BBCH stages 51-53 in-
cludes the transition from endodormancy to ecodormancy in all three cultivars. Male meiosis and
microspore development occurred during this transition in high-chill cultivars, but were detected
considerably later than the transition in the low-chill cultivar. A slow or suspended developmental
phase was observed only for the high-chill cultivars upon completion of floral primordium organ dif-
ferentiation, suggesting that chilling may be required to induce floral bud maturation and dormancy
release only in high-chill cultivars. Possible relationships among BBCH stages, flowering-related
morphological characteristics, and the dormancy phase transition in Japanese apricot are discussed.

Keywords: chilling requirement (CR); floral bud; dormancy; microsporogenesis; relative growth rate
(RGR); BBCH scale

1. Introduction

Exposure to low temperatures affects floral development in numerous species. A
prolonged period of low temperatures is necessary in bulb species for normal floral organ
development; otherwise, floral organs will be severely deformed [1]. Therefore, it is
considered that the chilling treatment that promotes floral primordium development and
maturation is necessary for the subsequent blooming and fruiting process [2]. Strictly
speaking, bud dormancy refers to the state in which the bud meristem is unable to resume
growth and development under suitable environmental conditions [3]. Lang (1987) divided
fruit tree bud dormancy into endodormancy and ecodormancy. During endodormancy,
bud growth ceases because of internal factors, and a particular period of low temperatures
is required for buds to regain the competency to grow. In contrast, in ecodormancy, buds
can resume growth, but unfavorable environmental conditions will arrest or delay active
growth [4]. Buds shift from endodormancy to ecodormancy when the cultivar-dependent
chilling requirement (CR) is fulfilled. Moreover, a subsequent exposure to a certain period
of warm conditions is required to release buds from ecodormancy so they may enter the
full bloom stage. If the floral buds of Rosaceae species, including Japanese apricot (Prunus
mume), are not sufficiently exposed to low temperatures, they will be unable to develop
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further, resulting in a relatively low blooming percentage [5]. Thus, low temperatures
contribute to floral development and dormancy release.

Regarding Prunus fruit trees, although their floral buds do not exhibit high blooming
competency during endodormancy, they apparently continue to develop during endodor-
mancy and ecodormancy [2,6]. Sweet cherry (P. avium) and apricot (P. armeniaca) floral
buds remain in a quiescence stage (i.e., rest) during dormancy until the CR is fulfilled, after
which they resume developing [2,6]. Endodormancy release and ecodormancy release are
accompanied by morphological changes affecting the appearance and internal structures
of buds (e.g., bud scale color and pollen development) [2,7-10]. The Biologische Bunde-
sanstalt, Bundessortenamt and CHemical industry (BBCH) scale systematically defines
the botanical characteristics of plant developmental stages [11]. In the genus Prunus of the
family Rosaceae, researchers have used BBCH scales to characterize sweet cherry (P. avium
L.), apricot (P. armeniaca L.), and almond (P. dulcis L.) at different stages of growth and
development [7,12,13]. Additionally, BBCH scales have been applied to assess the relation-
ship between the sweet cherry bud appearance and dormancy status [2,14]. In sweet cherry,
BBCH stage 5 (reproductive development) was further defined using dormancy charac-
teristics. For example, BBCH stage 50 represents deep dormancy, whereas BBCH stage
51 involves the initiation of dormancy release [2,7,14]. However, the relationship between
the BBCH scale and the dormancy status remains to be elucidated in other Prunus species.

Among the histological changes during floral bud development, microsporogenesis
is an important event associated with the dormancy status of Prunus species [2,6,14,15].
The timing of microsporogenesis is reportedly correlated with different CRs and blooming
dates among apricot (P. armeniaca) and sweet cherry (P. avium) cultivars [2,14,15]. In apricot,
after the CR of the floral buds has been fulfilled, the pollen mother cells are reactivated,
which coincides with BBCH stage 53 [6,15]. In sweet cherry, however, male meiosis is
induced after exposure to warm conditions following CR fulfillment [16].

The objective of this study was to evaluate the potential relationship between mor-
phological characteristics and the dormancy phase transition in Japanese apricot floral
buds. Accordingly, we determined the timing of the transition from endodormancy to
ecodormancy in three cultivars with contrasting blooming dates. To clarify floral bud
growth characteristics, relative growth rate (RGR) and water content were investigated.
Previous studies revealed a relationship between water content trends and dormancy
progression in several Rosaceae fruit trees [2,17]. We also described Japanese apricot floral
bud’s phenological stages using a modified BBCH scale for the first time and observed
the internal development of floral organs. Here, we discuss the relationship between
morphological development and dormancy phase transition in Prunus fruit trees.

2. Materials and Methods
2.1. Plant Materials

Adult trees (>15 years old) of 19 Japanese apricot cultivars grown at the Kyoto farm-
stead of the experimental farm of the Graduate School of Agriculture, Kyoto University
(35.032 N, 135.785 E), Kyoto, Japan, were used in this study. We determined the blooming
date (BD) of each cultivar in the 2019-2020 season. BD was defined as the date when 50%
of the floral buds on a tree were in the original BBCH stage 57 [11], with visible petal tips in
the field. The temperature was recorded hourly using the T&D Thermo Recorder, TR-50U2
(T&D Corporation, Matsumoto, Japan).

2.2. Evaluation of Growth/Dormancy Status

To investigate the timing of the dormancy phase transition in the 2019-2020 season,
bud break competency was tested as described by Fadon et al. [18]. Branches were collected
on the 25th of each month from three cultivars with contrasting blooming dates (‘Nanko’,
‘Shirokaga’, and “Ellching’) and separated into several pieces (single-node cuttings), and
a total of five replicates and 15 pieces from each replicate were used. Then, single-node
cuttings were incubated under forcing conditions (18 h day/6 h night, 23 °C). The bud
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break rate was recorded twice weekly until 3 weeks after initiating the incubation. In the
2020-2021 season, bud break competency was tested in ‘Nanko” using branches collected
on 30 November and 31 December. We also calculated the RGR and water content to
compare seasonal bud growth patterns among the three cultivars. A total of four replicates
were used in the RGR calculation, and each replicate included 20 buds. The RGR was
calculated using the following formula:

W2 - W1

ROR = —ywi

where W1 is bud fresh weight at time point 1 (g), W2 is bud fresh weight at time point 2 (g),
T1 is time point 1 (day), and T2 is time point 2 (day).

The collected buds were lyophilized and weighed. A total of four replicates were used
in water content (%) calculation, and each replicate included 20 buds. The water content
was calculated using the following formula:

Water content (%) = (fresh weight — dry weight)/fresh weight x 100.

2.3. Estimation of the CR for Endodormancy Release and the Heat Requirement (HR) for Blooming

The date of transition from endodormancy to ecodormancy (i.e., the date of CR
fulfillment) was defined as the date when the collected branches had a 50% bud break
rate under forcing conditions, which was estimated by a linear regression of increasing
seasonal bud break competency determined using the above-described method. We used
the following three models for evaluating the CR: (1) chilling hour model [19], (2) Utah
model [20], and (3) dynamic model [21]. Regarding the chilling hour model, all hours
with temperatures between 0 and 7.2 °C were considered chilling hours [19]. For the Utah
model, the chill unit (CU) for hourly temperatures was calculated using the conversion
table of Utah CUs [20]. The dynamic model was applied using a program available on
the University of California Division of Agriculture and Resources website (https://ucanr.
edu/sites/fruittree/ How-to_Guides/Dynamic_Model_-_Chill_Accumulation/).

The growing degree hour (GDH) value was assigned for all hours with temperatures
between 4.5 and 25 °C, and was calculated as the temperature minus 4.5 °C. The HR was
calculated as the accumulated GDH values from the CR fulfillment date to the BD [22,23].

2.4. Analyses of Bud Phenology and Internal Floral Primordium Development

The floral buds of the three cultivars grown in the field were photographed twice
monthly (on average) from September to February in the 2019-2020 season. The “Nanko’
floral buds were also photographed weekly in December during the 2020-2021 season.
Floral bud samples were collected every 2 weeks in the 2019-2020 season (28 September, 14
October, 29 October, 15 November, 30 November, 15 December, and 30 December) and were
preserved in FAA fixative solution (formaldehyde/alcohol/acetic acid/H,O = 2:10:1:7).
After replacing the fixative solution with a series of sucrose solutions (10%, 20%, and
30%) for 2 h each, the samples were embedded in Super Cryoembedding Medium (Leica
Microsystems GmbH, Wetzlar, Germany) and then frozen using isopentane as the refrig-
erant in liquid nitrogen. For each sample, 7-15 pm longitudinal sections were prepared
using a cryostat microtome (CM1520, Leica) and stained with toluidine blue O solution
(10 mM benzoic acid, 10 mM sodium benzoate, and 2 mM toluidine blue O). The floral
bud sections were examined using the DP80 light microscope (Olympus, Tokyo, Japan)
and photographed.

3. Results
3.1. Contrasting the CR and HR of Three Cultivars

On the basis of the distribution of the BD, 19 cultivars from the experimental farm
of Kyoto University were classified as early blooming, medium blooming, late blooming,
and extra late blooming (Figure 1; Table 1). In this study, one representative cultivar was
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selected from each blooming date category, with the exception of medium blooming, and
used for the analyses of morphology, organ development, and dormancy status. The BD
of ‘Ellching’ was 6 January 2020, whereas it was 4 and 10 February 2020 for ‘Nanko’ and
‘Shirokaga’, respectively.

8 1 W= Early blooming
7 = Medium blooming ‘Shirokaga’
N |ate blooming

w 61 = Extra late blooming
©
B 51
2
2 41
%
5?7
=

2

1 4

o o
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Blooming Date
(days after 1 January)

Figure 1. Frequency distribution of blooming dates in the 19 Japanese apricot collections during the
2019-2020 season. ‘Ellching’, early blooming; ‘1C1-10/, medium blooming; ‘Nanko’, late blooming;
‘Shirokaga’, extra late blooming.

Table 1. Blooming date (BD) for 19 Japanese apricot cultivars in the 2019-2020 season.

Cultivar BD2020 ! Origin

Ellching 6 Taiwan
Hayazakinanko 7 Japan
1C1-10 24 Japan
Kairyo-uchida 28 Japan
Ryukyokoume 32 Japan
1KO-26 33 Japan
Benisashi 34 Japan
Nanko 35 Japan
Kotsubnu-nanko 35 Japan
Koshinoume 35 Japan
Kagajizo 37 Japan
Kensaki 38 Japan
Shirokaga 41 Japan
Hachiro 47 Japan
Rinshu 49 Japan
Koshukoume 49 Japan
Aojiku 49 Japan
Oshuku 49 Japan
Gyokuei 49 Japan

1 BD2020: blooming date was calculated from 1 January 2020 (Julian days).

On the basis of the seasonal changes in bud break competency, the CR fulfillment
dates were estimated to be 12 November, 29 December, and 8 January for the early-
blooming ‘Ellching’, late-blooming ‘Nanko’, and extra-late-blooming ‘Shirokaga’, respec-
tively (Figure 2). Using the chilling hour model (indicated by CH) [19], the Utah model
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(indicated by CU) [20], and the dynamic model (indicated by CP) [21], the CRs were cal-
culated as follows: ‘Ellching’, 2 CH, 5.5 CU, and 2 CP; ‘Nanko’, 395 CH, 584.5 CU, and
31.5 CP; and ‘Shirokaga’, 519 CH, 754.5 CU, and 39.3 CP. The starting point of chilling
temperature accumulation was estimated from 9 November, 8 November, and 6 November
for the chilling hour model, the Utah model, and the dynamic model, respectively. The
results of the three models reflect the differences in the early and late blooming dates (i.e.,
the extra-late-blooming cultivar had the highest CR) (Figure 3). Therefore, we defined
“Ellching’, “‘Nanko’, and ‘Shirokaga’ as low-, high-, and extra-high-chill cultivars, respec-
tively. The analysis using the GDH model revealed that ‘Ellching” and ‘Shirokaga’ had the
highest (6294.4) and lowest (2436.8) GDH values, respectively (Figure 4).

Endodormancy Ecodormancy

100

80 29 December ===Nanko
60 ~

40

Bud break competency rate (%)

20 -
10/25 1125 12125 1125
100
80 ~+-Shirokaga
- 8 January’
40

20

Bud break competency rate (%)

10/25 11/25 12/25 125
100
80 [ ~+-Elliching

12 November
~

-

20

60

Bud break competency rate (%)

0
10/25 11/25 12/25 1/25

Date

Figure 2. Seasonal changes in the bud break competency of the floral buds of three cultivars. The CR
fulfillment dates were estimated to be 29 December, 8 January, and 12 November for the late-blooming
‘Nanko’, the extra-late-blooming ‘Shirokaga’, and the early-blooming “Ellching’, respectively. Five
replicates were analyzed, and 15 nodes were examined for each replicate. The error bars represent
the SE.
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Figure 3. Estimation of the CR of three cultivars using the chilling hour model (top), the chill unit
(Utah) model (middle), and the dynamic model (bottom). ‘Nanko’, high chill; ‘Shirokaga’, extra high
chill; “Ellching’, low chill.
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Figure 4. Evaluation of the HR of three cultivars using the growing degree hour (GDH) model. ‘Nanko’, high chill;
‘Shirokaga’, extra high chill; ‘Ellching’, low chill. Ice crystal mark means chilling requirement fulfillment; flower mark
means blooming date.

3.2. Seasonal Changes in the RGR and Water Content of the Low-Chill and High-Chill Cultivars

An examination of the floral bud development of all tested cultivars revealed a low
RGR from September to October (Figure 5a). The low-chill cultivar (‘Ellching’) grew rapidly
(0.14 g-g~!.day 1) from November to December. In contrast, the high-chill and extra-high-
chill cultivars had a relatively stable RGR (0.05-0.08 g-g~!-day~!) from November to
January. The floral bud water content increased consistently during dormancy progression
(from 30% to 80%) (Figure 5b), with a similar trend detected for all three cultivars.

——
Q
S—

(b)

9 0.16 ~&—Nanko 80 ~&—Nanko
© —
_Z — 81; —e—Shirokaga R 70 «~a-=Shirokaga
E E 6(1 ~o—Eliching E 60 =&—Eliching
w008 T 50
w0
2 5 006 40
© =~ 0.04 3
@©

& 002 S 3

0 20
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Figure 5. Seasonal changes in the relative growth rate and the water content during dormancy in 2019-2020. (a) Relative
growth rate. (b) Water content (%). ‘Nanko’, high chill; ‘Shirokaga’, extra high chill; ‘Ellching’, low chill. Four replicates
were analyzed, and 20 flower buds were examined for each replicate. The error bars represent the SE.

3.3. Establishment of a Modified BBCH Scale for Japanese Apricot Floral Buds

To establish a BBCH scale for Japanese apricot floral buds, we modified the original
BBCH scale [11]. More specifically, because Japanese apricot does not form inflorescences,
we omitted the description of stage 55 (single flower buds visible (still closed) borne on
short stalks) from the BBCH scale. In the modified BBCH scale, ‘principal growth stage 5:
flower emergence’ was used to further describe the floral bud development from dormancy
to blooming in the three tested cultivars (Figure 6). Both ‘Nanko” and ‘Shirokaga’ remained
in BBCH stage 50 from September to November (Figure 6¢), whereas ‘Ellching’ transitioned
into stages 51-53 in late October (Figure 6¢). In December, the ‘Nanko” and ‘Shirokaga’
floral buds were in BBCH stages 51-53. In contrast, most ‘Ellching’ floral buds were in
BBCH stages 54-56. Additionally, the “‘Nanko’ floral bud appearance underwent similar
changes in BBCH stages 51-53 in December during the 2019-2020 and 2020-2021 seasons
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(Figure 7). Most ‘Nanko” and ‘Shirokaga’ floral buds were in BBCH stages 54-56 until
early January when they transitioned into BBCH stages 57-59 (i.e., blooming period). The
‘Ellching’ floral buds remained in BBCH stages 54-56 for a longer period from December to
early January, after which they entered the blooming period.

(b) Sep. Oct. Now. Dec. Ja.

-
1mm

Stage 5456

Stage 50 Stage 57-59

Stage 5456
‘Shirokaga Stage 50 sunn. Stage 57-59
‘Ellching? Stage 50 Stage SLS'UI 54-56 Stage 57-59
i

1 1 1 1 1 1

Sep. Oct. Nov. Dec. Jan. Feb.

Figure 6. Evaluation of three Japanese apricot cultivars during dormancy using the modified BBCH scale. (a) Floral bud
developmental stage. Scale bar = 250 pum. (b) Seasonal changes in the bud appearance among Japanese apricot cultivars
with varying blooming dates. Scale bar = 1 mm. (c¢) BBCH scheme of three Japanese apricot cultivars during dormancy.
‘Nanko’, high chill; ‘Shirokaga’, extra high chill; “Ellching’, low chill.

50% bud break competency 50% bud break competency
29 December 2019 28 December 2020

! 1
(@) s : (b) !
535 : 535 + :
! L}

3 53 i g 53 1 : ‘
S 525 : g 925 ' :
5 52 1 i 5 52 f i
m 55 o B s ;
o o ol = |

— T :
51 T | : 51 { ‘ : ‘ | :
505 L 1 505 J B . z :
1 ‘ i
o I 50 1
1130 1207 1215 1222 0115 1209 1211 12156 1218 1223 1226 0105
Date in 2019-2020 Date in 2020-2021

Figure 7. BBCH scale evaluation of ‘Nanko’ floral buds during December in 2019-2020 and 2020-2021 seasons: (a) 2019-2020,
(b) 2020-2021. Ten flower buds from each stage were analyzed in 2019/2020 and 20 flower buds were examined from each
stage. The error bars represent the SE. Dash line means the time point of 50% bud break competency.
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3.4. Comparison of Seasonal Floral Primordium Development among Cultivars with
Contrasting CRs

The floral initiation (initiation of floral organ formation) of the low-chill cultivar
("Ellching’) was induced relatively late, but the floral organs rapidly formed by late October
(Figure 8a). The floral primordium developed earlier in the high-chill cultivars than in
‘Ellching’, and pistil formation was completed by the end of October. The timing of
pollen maturation differed between ‘Ellching’ and the high- and extra-high-chill cultivars
(Figure 8b). Degraded tapeta and mature pollen were detected in anthers on 15 December
for “Ellching’, but on 30 December for ‘Nanko’ and ‘Shirokaga’.

(a)

‘Nanko’

‘Shirokaga’

‘Eliching’

Figure 8. Longitudinal sections of the floral buds from different Japanese apricot cultivars during dormancy. (a) Floral
organ: A, anther; C, carpel; P, petals; O, ovary. Scale bar = 200 pm. (b) Differences in pollen developmental status among
cultivars. Scale bar = 100 um. ‘Nanko’, high chill; ‘Shirokaga’, extra high chill; ‘Ellching’, low chill.

3.5. Correlation between BBCH Stages and the Floral Bud Physiological Dormancy Status
The results of a Pearson correlation analysis indicated that BBCH stages were highly

positively correlated with bud break competency, RGR, and water content (correlation
coefficients: 0.88, 0.51, and 0.82, respectively) (Figure 9).

Bud break 0.8
competency
0.6
0.4
BBCH
0.88
scale 0.2

0
0.51 0.51 RGR [
L0.4
06

0.7 0.82 0.78 H,0
content 0.8

=1

Figure 9. Pearson correlation matrix of traits during dormancy. The color scale reflects the correlation,
with 1 indicating a completely positive correlation (dark blue) and —1 indicating a completely
negative correlation (dark red) between two traits.
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4. Discussion
4.1. Comparison of the Japanese Apricot Floral Bud Dormancy Progression of Cultivars with
Different Blooming Dates

Seasonal changes in bud break competency suggest that earlier and later endodor-
mancy release may be primarily responsible for the earlier and later blooming of ‘Ellching’
and ‘Shirokaga’, respectively, compared with ‘Nanko’. Thus, we categorized “Ellching’,
‘Nanko’, and ‘Shirokaga” as low-chill, high-chill, and extra-high-chill cultivars, respectively.
We evaluated the growth/dormancy physiological status of these cultivars by analyzing the
water content and RGR. Earlier research proved that the floral bud water contents of sweet
cherry [24] and Japanese pear (Pyrus pyrifolia) [25,26] increase gradually from the dormancy
stage to the blooming stage. Moreover, the free water content is reportedly correlated
with floral primordium development and endodormancy release in Japanese pear [25]. In
the current study, the water contents of all cultivars increased until the blooming stage.
However, no clear difference was observed between the low-chill and high-chill cultivars.
Additionally, for all cultivars, the RGR was lowest in October. The high-chill cultivars
had a constant RGR from November onward, whereas the RGR of the low-chill cultivar
increased substantially in December. These results suggest that floral bud growth ceased
in October, but resumed somewhat from November onward as dormancy progressed in
all three cultivars. This is consistent with the results of a previous study, in which the
floral development of Rosaceae fruit trees continued during dormancy [5]. Floral organ
formation was observed in October and was completed by the end of October in all three
cultivars. Additionally, endodormancy was released in early November, late December,
and early January in the low-chill, high-chill, and extra-high-chill cultivars, respectively.
Therefore, for ‘Ellching’, there was either no time or a very short period after floral organ
formation before endodormancy release. In contrast, 'Nanko” and ‘Shirokaga’ had a slow or
suspended developmental phase that lasted approximately 2 months before endodormancy
release. We hypothesize that the CR of the low-chill cultivar reflects the low-temperature
requirement for organ development and floral bud maturation, whereas the CRs of the
high-chill cultivars reflect the low-temperature requirement for floral bud maturation and
the release of the slow or suspended developmental phase.

4.2. Calculated CRs and HRs for Japanese Apricot Floral Buds

In this study, the CRs calculated using three different models confirmed that ‘Ellching’
is a low-chill cultivar and ‘Nanko’ is a high-chill cultivar, which is consistent with our
previous findings [27,28]. However, the CRs indicated by CH determined in this study
are not identical to those calculated by Yamane et al. (2006). More specifically, the CRs for
‘Nanko” and ‘Ellching’ floral buds were approximately 500 and 300 CH, respectively, in
the earlier study [27], whereas they were lower in the current study (i.e., 395 and 2 CH,
respectively). The methodology for CR calculation was not exactly the same between these
two studies, which may affect inconsistency in CR values. These results also imply that
the genotype-dependent CR might not be precisely determined by the chill hour model.
Alternatively, even though the CR is genotype dependent and genetically controlled, it
varies depending on the environmental condition and tree age. Additionally, an extremely
low CR value of ‘Ellching” estimated in this study may raise the question of whether
“Ellching’ is “low chill” or “no chill” for endodormancy release.

Regarding the HR, the GDH model indicated that ‘Ellching” (low-chill cultivar) had a
higher GDH value (6294) than ‘Nanko’ (2781) or ‘Shirokaga’ (2436) (Figure 4). The higher
GDH value for ‘Ellching’” may reflect the longer ecodormancy period for this cultivar,
with 56 days between the dormancy transition date and the blooming date, unlike the 36
and 33 days between these two dates for ‘Nanko” and ‘Shirokaga’, respectively. Similar
results were obtained for the HR estimated using the GDH model in apricot. Although
the GDH value of the apricot cultivar ‘Penta’ (8923) was higher than that of “Tardona’
(7789), "Tardona’ bloomed approximately 10 days later than ‘Penta’ (‘Penta’, 12 March;
‘Tardona’, 21 March) [29]. Considering that a prolonged chilling period reportedly de-
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creases the HR for blooming in peach [30], a mutual compensation between chilling and
warm temperature requirements for blooming may occur. This leads to the question of
whether the higher GDH value for the low-chill cultivar may reflect a greater HR, namely,
lower sensitivity to warm conditions, or the HR may not be accurately determined using
the GDH model. Alternatively, the HR initiation date determined on the basis of bud
break competency (>50% bud break under forcing conditions) may be inappropriate for
estimating the genotype-dependent HR, especially for low-chill cultivars. Current models
for estimating the dormancy status and blooming mostly focus on temperature alone.
Moreover, dormancy induction is regulated by multiple environmental factors in Prunus
species (e.g., the photoperiod, temperature, and water deficit stress) [31-33]. Thus, dor-
mancy progression and release as well as blooming may be regulated by temperature and
other environmental factors. Using their developmental rate model for predicting the CR
and HR, Kitamura et al. (2017) concluded that warm conditions during ecodormancy may
be the primary factor explaining the year-dependent blooming date of ‘Nanko’, rather
than cold conditions during endodormancy [28]. Collectively, flowering time (blooming)
models, especially for HR predictions, must be improved for future dormancy studies and
for practical use.

4.3. Relationship between the Dormancy Phase Transition and BBCH Stages in Japanese Apricot

In this study, we established a BBCH scale applicable for Japanese apricot and com-
pared it with the physiologically determined dormancy status. We revealed that BBCH
stage 50 represents deep dormancy. In this stage, floral buds exhibit relatively low bud
break competency, and the dormant buds are covered by dark brown scales (Figure 6). Pre-
vious investigations indicated that BBCH stage 50 corresponds to deep dormancy in sweet
cherry [2,7]. During BBCH stage 50, floral organ primordia differentiated, and the stigma,
anthers, and pistil were detectable (Figures 6 and 8). In BBCH stage 51, endodormant
floral buds before CR fulfillment were swollen and covered by light brown scales (Figure 6;
Table 2). In ‘Nanko’, bud break competency started to increase in BBCH stage 51. Addition-
ally, BBCH stages 51-53 corresponded to the dormancy phase transition period (i.e., from
endodormancy to ecodormancy), whereas BBCH stages 56-59 represented the blooming
period, during which the bud break rate approached 100% under forcing conditions (16 h
day/8 h night, 23 °C) (Figures 2 and 6). BBCH stages 51-53 corresponded to dormancy
phase transition in the next growing season in ‘Nanko’, which supported the idea that
the stages may represent dormancy transition (Figure 7). Our data indicated that the bud
break competency was highly correlated with the BBCH stages (correlation coefficient of
0.88) (Figure 9), suggestive of a potential relationship between the physiological dormancy
status and the apparent floral bud morphological changes in Japanese apricot.

Table 2. Description of the modified BBCH scale for Japanese apricot floral buds from dormancy to
blooming.

Principal Growth Stage 5: Flower Emergence

50 Floral bud closed, dark brown scales visible

51 Floral bud swelling, bud still closed, light brown scales visible

53 Scales further separated, light green bud sections, and light purple or pink scales visible
54  Internal floral organ enclosed by light green sepals, round green sepals visible

56 Flower pedicel elongating, green sepals still closed showing a round shape

57  Sepals open: petal tips visible, flower with white petals (still closed)

59  Flowers with petals forming a hollow ball

4.4. Connection between Pollen Maturation and the Dormancy Status in Japanese Apricot

Microsporogenesis is a biological indicator of CR fulfillment and reflects the reacti-
vation of cells following dormancy in apricot and sweet cherry [6,8,15,34,35]. Microspore
formation coincides with BBCH stage 53 in sweet cherry and apricot [2,36]. Regarding
the Japanese apricot cultivars examined in this study, the timing of pollen maturation
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matched the timing of CR fulfillment in ‘Nanko’ and ‘Shirokaga’ (Figures 2 and 4), which is
consistent with the findings of earlier sweet cherry and apricot studies [6,8,15,35]. However,
for ‘Ellching’” (low-chill cultivar), there was approximately 1 month between CR fulfillment
and pollen maturation (Figures 2 and 8). In the high-chill cultivars, tapetum degradation
during the pollen maturation process was observed in BBCH stages 53 and 54, and BBCH
stages 54-56 were shorter (corresponding to a lower GDH value) than in the low-chill
cultivar. In earlier investigations of apricot and sweet cherry, the plants used for analyzing
pollen mother cell development were mostly high-chill cultivars, including sweet cherries
‘Burlat’ (981 CU) and ‘Bing’ (1082 CU) [2,8] and apricot ‘Moniqui” (1050-1150 CU) [6]. The
low-chill cultivar ‘Ellching’ originated in Taiwan, which is in a tropical and subtropical re-
gion [37]. Additionally, its 5.5 CU calculated using the Utah model was substantially lower
than the CUs of the other Japanese apricot cultivars (Figure 3). This suggests that pollen
maturation may be useful as a biomarker of endodormancy release and CR fulfillment only
for high-chill cultivars in Prunus.

5. Conclusions

New classifications and terminologies to describe plant dormancy at the cellular level
were recently proposed by Considine and Considine (2016) [38]. On the basis of the classifi-
cation by Considine and Considine (2016) and the fact that bud growth continued after
pistil formation until blooming in Japanese apricot, we propose that Japanese apricot floral
buds may not enter a dormancy period, but become quiescent (i.e., slow or suspended
development). Hence, the floral bud dormancy process of Rosaceae fruit trees may need to
be redefined and reclassified in future studies. Additionally, our results suggest that the
cultivar-dependent HR calculation model will need to be improved. In this study, we devel-
oped a modified BBCH scale useful for examining Japanese apricot floral bud development.
Furthermore, we proved that the BBCH stages are correlated with seasonal changes in
bud break competency. Accordingly, BBCH scales may be useful for characterizing the
dormancy (quiescence) status of Japanese apricot floral buds.
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