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Abstract

This (two-season) study was undertaken to assess the involvement of gibberellins (GAs), cytokinins (CKs), and auxins (AX)
in dormancy of the sweet cherry buds ‘Summit’. Our hypothesis consisted in the assumption that representatives of these hor-
mone groups are able to mark the transition between different dormancy phases. Changes in the transition between endo- and
ecodormancy and the stages of ontogenetic development were not recognizable by bioactive GA |, GAs, GA,. The transient
increase of GA; during ecodormancy might be interpreted as an indication of the preservation of ecodormancy. The content
of the biological active bases tZ, cZ, and DHZ was equal between endo- and ecodormancy. However, the content increased
significantly in the first phase of ontogenetic development. The summation of the representatives of the various CKs (total iP-
type, total tZ-type, total CK bases, total CK ribosides, total CK nucleotides, total O-glucosides, total N-glucosides, and total
CKs) showed no differences regarding their levels during endo- and ecodormancy. These values increased markedly in the
subsequent phase. AX increased after ecodormancy. By contrast, from side green until open cluster no differences occurred.
As shown for AX, the content of 0xIAA increased after ecodormancy. The content of [AAsp was low during endodormancy
and increased transiently during ecodormancy and early ontogenetic development. This study revealed that no changes in the
content of different bioactive GAs (exception GA;), CKs, and AX occurred during winter rest, and more precisely, during
endo- and ecodormancy. These metabolites, therefore, are not suitable to differentiate between these dormancy phases. The
ontogenesis is accompanied by specific changes in the content of bioactive molecules, precursors, and conjugation products.
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Introduction

Many endogenous signalling and regulatory molecules, like
plant hormones, can be found in plants that regulate growth
and development. The hormone family includes abscisic
acid (ABA), auxin (AX), brassinosteroids (BRs), cytokinins
(CKs), ethylene, gibberellins (GAs), salicylic acid (SA), str-
igolactones, and jasmonates (JAs). These molecules operate
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at very low concentrations and were synthesized from com-
mon metabolic precursors, and each uses uniquely special-
ized pathways. Their generation is strictly controlled, both
spatially and temporally. All hormones influence multiple
aspects of plant function, and they influence the synthesis
and actions of each other. The interactions amongst hor-
mones, environmental signals, and developmental programs
are very complex, and as a result, the description and model-
ling of the whole system are quite challenging (Smith et al.
2017). Some hormone receptors are membrane-anchored
(e.g. CKs) whilst others are soluble (e.g. AX, GAs). Hor-
mone perception can lead to signal transduction through
protein phosphorylation cascades (e.g. ABA, CKs). Other
hormone-receptor complexes trigger interaction with F-box
proteins and ubiquitination enzymes that target proteins such
as transcriptional repressors for degradation by the 26S pro-
teasome (e.g. AXs, GAs). Such signalling changes protein
activities and gene transcription, with consequent changes
to plant development and physiology (Smith et al. 2017).
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The main physiological effects of biologically active GAs
are well-known and include the induction of germination
and floral transition, leaf expansion, and stimulation of stem
elongation through enhanced cell division and elongation.
Many GAs, have been reported in plants, but only GA,,
GA;, GA,, GA,, and GA; function as bioactive hormones,
whereas non-bioactive forms act either as precursors or deg-
radation products of the bioactive ones (Hedden and Phil-
lips 2000; Urbanové et al. 2013; Barboza-Barquero et al.
2015; Campos-Rivero et al. 2017 and references therein).
Although it is essential to know the concentrations of the
bioactive forms of GAs, knowledge of the concentrations
of their precursors and metabolites provides physiological
information concerning GA metabolism and its regulation
by, for example, genetic or environmental factors (Urbanova
et al. 2013). CKs are N°-substituted purine-derived mole-
cules that function as growth regulators and are involved in
many developmental and physiological processes. CKs par-
ticipate in regulating numerous aspects of plant development
throughout the life cycle. These include seed germination,
chloroplast differentiation, differentiation of vascular tissue,
apical dominance (shoot branching), nutritional signalling,
regulation of sink strength, the transition from the vegeta-
tive to the reproductive growth phase, and also flower and
fruit development (Zalabak et al. 2013). The involvement
of CKs during floral transition has not been defined com-
pletely, but it is known that they control cell division and
differentiation in the floral meristem. During post-embry-
onic development, CKs are required to maintain meristem
activity and leaf development in the plant shoot (Schmiilling
2004; Campos-Rivero et al. 2017 and references therein).
Whilst the biosynthetic pathway of the isoprenoid CKs and
their subsequent metabolic conversions have been described
in detail, respective genes cloned and physiological conse-
quences of their loss-of-function or overexpression are well
documented, the information about the biosynthesis of aro-
matic CKs remains elusive. Auxins are necessary for normal
plant growth and development, as they regulate a variety of
developmental processes such as cell elongation and divi-
sion, organ patterning, root and shoot development, and
tropic responses to light and gravity. In higher plants, the
main natural auxin is indole-3-acetic acid (IAA), which is
synthesized in young leaves, cotyledons, expanding leaves,
and root tissues. However, indole-3-butyric acid (IBA) and
4-chloroindole-3-acetic acid (4-CI-IAA) are also natural
auxins (Campos-Rivero et al. 2017 and references therein).
AX biosynthesis in plants is complex, and several pathways
contribute to de novo IAA production. Notable also is that
auxin biosynthesis is regulated by both environmental and
developmental signals. Moreover, DELLA proteins inhibit
flowering, and these proteins can be positively or negatively
regulated by GAs and IAA (Zhao 2010). The switch from
vegetative to reproductive growth, also known as the floral
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transition, is controlled by both endogenous and exogenous
cues, such as temperature, photoperiod, and multiple hor-
mones. Molecular and genetic analyses have revealed that
the multiple floral inductive cues are integrated via a set of
floral-promoting MADS-box genes, including APETALA1
(AP1), SUPPRESSOR OF OVEREXPRESSION OF CO1
(SOC1), FRUITFUL (FUL), and the plant-specific transcrip-
tion factor LEAFY (LFY) (Yu et al. 2012 and references
therein).

The dormancy of fruit trees is associated with invis-
ible growth and development. It comprises endodormancy,
triggered by internal factors, and ecodormancy, controlled
by external factors. The release of endodormancy requires
cold accumulation, whereas ecodormancy advances with
warm temperatures towards bud break (Van der Schoot
et al. 2014; Chmielewski and Go6tz 2017; Beauvieux et al.
2018). Reviews from Campoy et al. (2011) and Koutinas
et al. (2010) gave an excellent overview of dormancy and
flower bud development of temperate fruit trees. Beau-
vieux et al. (2018) reviewed both early and recent find-
ings on the dormancy processes in buds of temperate fruit
trees species. These include hormonal signalling, carbo-
hydrate metabolism, the role of the plasma membrane,
mitochondrial respiration, and oxidative stress, with an
effort to link them together and emphasize the central role
of ROS accumulation in the control of endo- and eco-
dormancy. Usually, there is no precise information regard-
ing the date of endodormancy release (t;) or the beginning
of ontogenetic development (t;*). After completing leaf
fall, sweet cherry trees (cv. ‘Summit’) stopped acquiring
measurable effects of bud growth. From this date, physi-
ological parameters reached a constant level (Leaf fall-t;:
Water content=53.5%, Fresh weight=61.9 mg/bud, Dry
weight =28.8 mg/bud, Nitrogen content=1.6%, Carbon
content=49.6%, mean of 6 seasons), which did not change
significantly in individual seasons until t;* (Chmielewski
and Go6tz 2017). Results from several fruit tree studies
emphasize the implication of plant hormones in the control
of dormancy, although only a few studies quantified them
directly in the compartment ‘bud’. Therefore, this two-
season study was undertaken to assess the involvement
of GAs, CKs, and AX under natural conditions during
different phenological phases of sweet cherry buds from
‘leaf fall’ until the ‘open cluster’ development stage. Our
hypothesis consisted in the assumption that representatives
of these hormone groups are able to mark the transition
between the different dormancy phases, which then can
used as physiological parameter to improve phenologi-
cal models for the not observable dates of endodormancy
release (t;) and/or the beginning of ontogenetic develop-
ment (t;*).
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Materials and Methods

The study was conducted during the 2012/13 and 2013/14
growing seasons in the Experimental Sweet Cherry Orchard
at Humboldt-University in Berlin-Dahlem (52° 28’ North-
ern latitude and 13° 18’ Eastern longitude). The long-term
(1981-2010) average annual air temperature and precipi-
tation are 9.9 °C and 562 mm, respectively. We examined
the cultivar ‘Summit’, originating at Summerland (Brit-
ish Columbia) in Canada, which is a mid-to-late maturing
sweet cherry cultivar with dense crowns. It is a product of
the crossover Van x Sam (1957, German Gene Bank Fruit).
Summit was grafted on rootstock GiSelA 5 (Giessener Sele-
ktion Ahrensburg), a weakly- to medium-strongly growing
stock.

The release of endodormancy (t;) and the beginning of
ontogenetic development (t,*) are not visible, so we esti-
mated t; and t;* as follows: observing twigs under controlled
conditions, which indicate the release of endodormancy (t,,
Chmielewski and Gotz 2017), and measuring the water con-
tent of buds from the orchard. The first sign of the transi-
tion from the dormant stage to the beginning of ontogenetic
development (t;*) was found in changes in the bud’s water
content (Gotz et al. 2014; Chmielewski and Go6tz 2017). The
increase of the water content in the buds through the two
seasons, from ~55% to ~80%, was related to a rise in air
temperature from t;* until the open cluster.

Bud Sampling

Samples of three clusters from each tree (n=3) were taken
at random locations over the whole tree, weekly, and from
October to March. After visible bud development (March)
sampling was done at the development stages ‘swollen bud’
(SB), ‘side green’ (SG), ‘green tip’ (GT), ‘tight cluster’
(TC), and at ‘open cluster’ (OC). After cutting, the clus-
ters were immediately placed on ice, and 4 to 7 buds were
selected, except for the smaller leaf bud in the middle, frozen
in liquid nitrogen, and stored at —80 °C until freeze-drying.
All buds were ground in a ball mill (Retsch M1, Haan, Ger-
many) before analysis.

Sampling of Twigs

Young, multi-branched twigs (length about 25 cm, diameter
5 mm) with 2-3 clusters from other trees of ‘Summit’ were
cut weekly during each year (November-December) to visu-
ally observe the beginning of blossom of the cluster under
controlled conditions. After cutting, twigs were placed in
500 ml plastic flasks with demineralized water and kept in
a controlled climate chamber (RUMED, Rubarth Apparate

GmbH, Germany) (air temperature ~20 °C/15 °C day/night,
12 h light, relative humidity 70%). We assumed that the
chilling requirement was sufficient if 3—4 flowers per twig
did completely open (BBCH 60), on both the first and the
following samplings.

Quantitative Analysis of Gibberellins, Cytokinins,
and Auxins

The sample preparation and analysis of GAs was performed
according to the method described in Urbanova et al. (2013)
with some modifications. Briefly, tissue samples of about
30 mg dry weight (DW) were ground to a fine consistency
using 2.7-mm zirconium oxide beads (Retsch GmbH & Co.
KG, Haan, Germany) and a MM 400 vibration mill at a fre-
quency of 30 Hz for 3 min (Retsch GmbH & Co. KG, Haan,
Germany) with 1 ml of ice-cold 80% acetonitrile containing
5% formic acid as extraction solution. The samples were
then extracted overnight at 4 °C using a benchtop laboratory
rotator Stuart SB3 (Bibby Scientific Ltd., Staffordshire, UK)
after adding internal gibberellins standards ([2H2]GA1, [2H2]
GA;, [*H,]GA,, [’H,]GA, [PH,1GA, [°H,]GA,, [*H,]GA,,
PH,1GA 5, [HyGA . [PHy]G A [PHy1GA,, [2Hy1GAy,
[*H,]GA4, [*H,]GA 4, [*H,]GAs,, and [’H,]GAs; purchased
from OlChemIm, Czech Republic. The homogenates were
centrifuged (at 19.000 rotation per minute (rpm), for 10 min,
at 4 °C; Beckman Avanti™ 30), the corresponding superna-
tants further purified using reversed-phase and mixed-mode
SPE cartridges (Waters, Milford, MA, USA) and analysed by
ultra-high-performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS; Micromass, Manchester,
UK). GAs were detected using multiple reaction monitoring
mode of the transition of the ion [M—H]™ to the appropriate
product ion. Masslynx 4.2 software (Waters, Milford, MA,
USA) was used to analyse the data and the standard isotope
dilution method (Rittenberg and Foster 1940) was used to
quantify the GAs levels.

Endogenous levels of CKs, free IAA (indole-3-acetic
acid), its catabolite (0xIAA) and indole-3-acetyl aspartate
(IAAsp) were determined by LC-MS/MS methods (Novak
et al. 2008, 2012). Approximately 5 mg (dry weight) of plant
tissue were homogenized and extracted in 1 ml of modi-
fied Bieleski buffer (60% MeOH, 10% HCOOH and 30%
H,0). A mix of stable isotope-labelled internal standards
(0.25 pmol of CK bases, ribosides, N-glucosides, 0.5 pmol
of CK O-glucosides and nucleotides, 5 pmol of [13C6] IAA,
and [13C6] oxIAA and [13C6] IAAsp was added to each sam-
ple to validate phytohormone determination (Novék et al.
2008). The extracts were purified using two solid-phase
extraction columns, the octadecyl silica-based column
(C18, 500 mg of sorbent, Applied Separations), and that of
the Oasis MCX column (30 mg/1 ml, Waters) (Dobrev and
Kaminek 2002). Analytes were eluted by three-step elution
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Fig. 1 Simplified GA biosyn-
thesis pathway of 13-hydroxy-
lated GAs GA;

-

GA200xs

[V
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GA20 oxidases (GA20oxs)
GA3 oxidases (GA3oxs)

using a 60% (v/v) MeOH, 0.35 M NH,OH aqueous solution
and 0.35 M NH,OH in 60% (v/v) MeOH solution. CK, free
TAA, oxIAA, and IAAsp levels were determined using ultra-
high-performance liquid chromatography-electrospray tan-
dem mass spectrometry (an Acquity UPLC I-Class System
coupled to a Xevo TQ-S MS, all from Waters) using stable
isotope-labelled internal standards as a reference (Rittenberg
and Foster 1940).

Statistical Analysis

The data were separately analysed for the three phenologi-
cal phases, ‘leaf fall (LF)-end of endodormancy (t;)’, ‘eco-
dormancy (t,)-beginning of ontogenetic development (t,*)’,
and ontogenetic development (t;*)-swollen bud’, and the
visible phenological stages ‘side green’, ‘green tip’, ‘tight’
and ‘open cluster’ (mean, standard error (SE), ANOVA,
Scheffé’s procedure, a very conservative adjustment, which
allows a statistical analysis of an unequal number of repeti-
tions, p <0.05) using statistical software IBM SPSS Statis-
tic 25.0). Furthermore, data for the two years were pooled
because of measurement similarities that were obtained for
the two seasons.

Results and Discussion

The mean air temperature (2012/13, 2013/14) during the
phenophases endodormancy ‘leaf fall—end of endodor-
mancy (t;)’, ecodormancy ‘t,—beginning of ontogenetic
development (t;*)’, and during ontogenetic development
t,*—swollen bud, swollen bud—side green, side green—
green tip, tight cluster—open cluster, was 6.4, 1.6, 3.4, 8.0,
13.0, 10.2, and 11.8 °C, respectively.

Gibberellins (GAs)
Eighteen GAs were verifiably detected in the buds (data

not shown) compared to 23 GAs found in Arabidopsis
thaliana, 14 GAs in oilseed rape (Brassica napus), and
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12 GAs in rice (Oryza sativa) (Urbanova et al. 2013).
A simplified overview of the pathway of their biosynthe-
sis, including bioactive compounds GA,, GA;, GA5 and
GA, (Hedden and Phillips 2000; Yamaguchi 2008; Weiher
et al. 2014; Pietlot et al. 2015), formed from the precursor
GAs; is shown in Fig. 1, along with their concentrations in
the sweet cherry buds (Fig. 2). The GAs; content (Fig. 2A)
was in the range between 1.51 pg/mg (LF-t;) and 2.96 pg/
mg (SG), and statistically not different between phenologi-
cal phases and stages. GAy; was oxidized in three steps
step by step into GA,, (Fig. 2B), GA 4 (Fig. 2C), and GA,,
(Fig. 2D) by GA-20 oxidases (GA20o0xs), belonging to
the class of the 2-oxoglutarate dependent dioxygenases
(20DDs).

Between LF and SB, the GA,, content was similar, hav-
ing 4.80 pg/mg on average (Fig. 2B), and reaching a maxi-
mum of 11.45 pg/mg at SG, which was clearly higher than
at GT and TC, 2.82, 2.36 pg/mg, respectively. In the same
phase (LF-SB) the mean GA 4 content (Fig. 2C) was very
low (0.61 pg/mg), and decreased further to its minimum of
0.38 pg/mg at SG, and then was followed by a strong (3.6,
4.6, 5.4-fold) increase of oxidation by growth and develop-
ment of the buds at GT, TC, and OC, respectively.

The GA,, content (Fig. 2D) was found in the range
between 0.66 (LF-t;) and 0.28 pg/mg (OC), and was sta-
tistically not different within the phenological phases and
stages. The formation of bioactive compounds is catalyzed
by a GA 3-oxidases (GA3oxs) (Fig. 1, Hedden and Thomas
2012). Independent of the phenological phase or the devel-
opmental stage, the content of the bioactive GA, GAs, and
GA, was not different from leaf fall until the open clus-
ter (Fig. 2E, G, H). The mean GA, content of 1.2 pg/mg
(Fig. 1E) between LF (beginning of endodormancy) and
SB (significant increase of the water content) was tenden-
tially 3.3-fold higher than the content at the growth stages
GT, TC, OC, with 0.36 pg/mg on average. This trend agrees
with Beauvieux et al. (2018), who reported that the highest
levels of GA| and GA; were found in dormant buds dur-
ing endodormancy release, whereas the content diminished
afterwards.
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The mean GA; and GA; content (Fig. 2F, G) of 0.5 pg/
mg and 0.6 pg/mg between LF and OC was comparable,
whereas the mean GA, content, with 0.08 pg/mg, was the
lowest of the bioactive GAs (Fig. 2H). Interestingly, for GA,
a significant increase to 0.74 pg/mg was observed during
ecodormancy (t;-t;*), compared to mean values of 0.50 pg/
mg during endodormancy (LF-t;) and the beginning of
ontogenetic development (t;*-SB). In summary, changes
in the transition between endo- and ecodormancy and the
stages of ontogenetic development were not recognizable
by bioactive GA |, GAs, and GA,. However, the transient
increase of GA; during ecodormancy might be interpreted
as an indication of the preservation of ecodormancy in the
sweet cherry buds.

Cytokinins (CKs)

CK biosynthesis is initiated by the activity of isopentenyl-
transferases (IPTs). Monophosphorylated CK nucleotides
can be directly converted into free bases by the activity of
cytokinin nucleoside 5'-monophosphate phosphoribohydro-
lases (LOG). Active CKs (isopentenyladenine (iP), trans-
zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin (DHZ)) and
their respective ribosides (~ R) can be inactivated by CK oxi-
dases/dehydrogenases (CKX), or by the formation of sugar
conjugates (O-glucosides (~ OG), riboside O-glucosides
(~ROG), N7-glucosides (7 ~G), and N9-glucosides (~9G))
through the activity of glycosyltransferases, like zeatin O-
glucosyltransferase or N-glucosyltransferases (ZOG, UGT)
(Schifer et al. 2015a, b; Zalabak et al. 2013 and references
therein). In Arabidopsis thaliana, the isopentenyl group is
derived from the mevalonate (MVA) pathway in the cyto-
sol. However, the predicted localization of enzymes in other
plants suggests the use of isoprene moieties derived from
the methylerythritol phosphate (MEP) pathway. Therefore,
the MEP pathway also contributes to iP and ¢Z biosynthesis
(Schiéfer et al. 2015a, b).

In the sweet cherry buds 23 CK-related metabolites could
be detected (data not shown). Free CK bases (Table 1) are
cytokinin species that most strongly bind to cytokinin recep-
tors. The binding is associated with physiological responses;
thus, these forms are considered biologically active (Rijavec
and Deamastia 2010). The iP content increases stepwise
(from 2.2 to 4.8 to 6.3) from endodormancy, ecodormancy,
and to the phase t;*-SB, respectively, whereas the later con-
tent was higher during endodormancy (LF-t;). Originally,
cytokinin biosynthesis was reported to take place exclusively
in roots, and it was shown that CKs could be transported
in the xylem from the root to the shoot to stimulate shoot
growth. However, more recent work provided evidence that
CKs can be synthesized also in aerial plant parts. Measure-
ments of xylem and phloem exudates confirmed this obser-
vation and showed that the phloem contains mainly iP-type

CKs, whereas xylem sap contains mainly /Z-type CKs (Kang
et al. 2017 and references therein). The content of the bio-
logical active bases tZ, cZ, and DHZ were equal between
endo- and ecodormancy: however, content increased signifi-
cantly in the following phases t;*-SB to 4.1, 3.7, 1.2 pmol/g
DW, respectively. Therefore, it is not possible to differenti-
ate between endo- and ecodormancy based on these free
CK bases. Also, this shows clearly that the activity of the
enzymes involved in tZ, ¢Z, and DHZ synthesis does not
change until the phase t;*-SB and/or transport via the vas-
cular system takes place.

During bud development SG to OC (Table 1) the free base
tZ was the dominant form with mean values of 24 pmol/g
DW, followed by iP and ¢Z, 15 and 7 pmol/g DW, respec-
tively, and was statistically not different between the stages
of development. DHZ increase markedly from ~2 pmol/g
DW (mean SG, GT) to~8 pmol/g DW after GT (mean TC,
OC). The content of their respective ribosides (Table 2)
iPR, ZR, ¢Z were equal between endo- and ecodormancy
(~9,~4,~10 pmol/g DW); however, increased markedly
in the following phase t;*-SB to 25.0, 8.0, 24.1 pmol/g
DW, respectively, which was fourfold, twofold, seven-
fold higher, compared to the free bases during this phase
(Table 1). The development of buds (SG-OC) was accom-
panied by a significant increase in ribosides. The highest
mean levels were achieved for iPR, tZR, ¢Z at GT and TC
(~297,~447,~202 pmol/g DW), where ¢ZR is the dominant
form here, too. The DHZR content of 117 pmol/g DW shows
a temporary maximum at TC, compared to SG/GT and OC.

As already mentioned, the formation of sugar conjugates,
NO9-glucosides and O-glucosides, respectively, (Table 3)
lead to the inactivation of CKs. The content of iP9G was
below 1 pmol/g DW and similar between LF and SB and
between SG and OC. The tZOG content was also similar
between LF and SB, and SG and OC, ~41 pmol/g DW and
71 pmol/g DW, respectively, representing, therefore, a sta-
ble pool in each of the phenological phases and during bud
development stages. In comparison, the cZOG content was
steadily increasing from endo- to ecodormancy, and to the
phase t;*-SB, 28, 46, 65 pmol/g DW, respectively. From
SG onwards the ¢ZOG content of 107.4 pmol/g DW was
decreasing stepwise to 75.3, 46.0, 39.3 pmol/g DW at GT,
TC, and OC, respectively, indicating a reducing pool size
during bud development for this metabolite. The content
of DHZOG differed clearly between endodormancy and
the phase t1*-SB, 24.6, 28.6 pmol/g DW, respectively; and
shows a similar mean content of 28 pmol/g DW between
SG and OC.

The ¢ZROG content (Table 4) was on average 1.8 pmol/g
DW and similar between endo- and ecodormancy, and
showed an increase during t;*-SB to 3.3 pmol/g DW,
whereas the content of ZROG and DHZROG, with mean
values of 1.4, 1.6 pmol/g DW, respectively, was stable from
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«Fig.2 A-H Contents of GAs;, GAyy, GA g, GA,y, GA,, GA;, GA,,
GA; in sweet cherry buds during different phases and at different
phenological stages. (Mean+SE 2012/13 and 2013/14, ANOVA,
Scheffé’s procedure; different small letters indicate significance
(p<0.05) between phenological phases and capitals between pheno-
logical stages

leaf fall until SB. ¢ZROG had a significantly higher content
at TC and OC of 10.5 pmol/g DW on average, in comparison
with SG and GT. Compared to TC and OC ZROG shows a
lower content at SG and GT, whereas DHZROG shows no
clear differences between SG and OC.

The summation of the representatives of the various CKs
(Table 5), total iP-type, total /Z-type, total CK bases, total
CK ribosides, total CK nucleotides, total O-glucosides,
total N-glucosides, and the total CKs showed no differences
regarding their levels during endo- and ecodormancy. Only
in the subsequent phase, from the beginning of ontogenetic
development to SB, these values were found to increase sig-
nificantly (2.6, 1.4, 1.9, 2.3, 2.0, 1.3, 1.2, 1.6-fold) to 44,
68, 15, 61, 50, 140, 2, and 268 pmol/g DW, respectively.
As an exception, the total cZ-type showed clear differences
amongst the three phases endodormancy, ecodormancy,
and the beginning of ontogenetic development to SB with
57,79, and 124 pmol/g DW, respectively. To activate the
CK-specific phosphorelay, ¢Zs should be able to bind and
activate the CHASE-domain containing histidine kinases
(CHKSs), which serve as CK receptors. Indeed, it could be
shown that cZs can bind to CHKSs and activate downstream
elements of the signalling cascade, although with different
sensitivity, depending on the plant species and the specific
receptor (Schéfer et al. 2015a, b and references therein).
Results of different plant species reveal that cZ-type CKs
tend to accumulate under the prevailing circumstances,
associated with limited growth or dormancy, as is found in
buds, tubers, and seeds. However, a stronger and increasing
accumulation of the total CKs (with one exception, the total
CK N-glucosides) was clearly associated with the flower
bud development from SG to OC. However, the CK con-
tent remained similar for the total cZ-type, total CK bases,
and total CK O-and N-glucosides (Table 5). During the GT
and TC stages, the highest values (in comparison to SG and
TC) were temporarily achieved for the total iP-type, total tZ-
type, total CK ribosides, total CK nucleotides, and the total
CKs, whereas for the total DHZ type the highest content
was acquired at TC and OC (Table 5). Over the past decade,
many genes have been identified that affect CK synthesis,
transport, metabolism, and perception. In Arabidopsis, it
appears that a gene family of more than 50 members con-
trols all these processes (Zabalak et al. 2013 and references
therein). These data, on the levels of specific CKs during
phenological phases, leaf fall via the break of dormancy
(endodormancy), the not-visible beginning of ontogenetic

development until SB (ecodormancy), and the subsequent
phenological stages SG, TC, and OC, should contribute to a
better understanding of the CKs in sweet cherry buds.

Auxin

The regulation of IAA in plants, as for other phytohormones,
is also a complex process. The principal auxin metabolic
pathways in seed plants is comprehensively reported by
Kramer and Ackelsberg (2015).

The mean IAA content in the buds between leaf fall and
t,* was 269 pmol/g DW (Table 6). IAA increased clearly
after ecodormancy (246.0 pmol/g DW) during the fol-
lowing phase until SB (337.1 pmol/g DW), whereas dur-
ing the developmental stages from side green until open
cluster (range of 174.7 — 556.2 pmol/g DW) no differences
occurred.

IAA oxidation and conjugation are two different path-
ways that inactivate IAA. Enzymes as DIOXYGENASE
OF AUXIN OXIDATION (DAO) catalyzing the oxida-
tive reaction, were characterized in Arabidopsis thaliana
(Zhang and Peer 2017). This highly diverse protein family
is involved in many growth and developmental processes, as
e.g. hormone synthesis and breakdown and flavonoid bio-
synthesis, but also responses to the environment. Detailed
information about auxin homeostasis, simplified auxin bio-
synthesis, conjugation, and non-decarboxylation oxidation
pathways is presented by Zhang and Peer 2017. The mean
oxIAA content in the buds (Table 6) from leaf fall until
t,*, was 240 pmol/g DW. As shown for IAA, the content of
oxIAA increased clearly after ecodormancy during the fol-
lowing phase until SB to 428.6 pmol/g DW. The maximum
oxIAA content was reached at tight and open cluster, with
614 pmol/g DW on average. There is evidence, suggesting
that amino acid conjugates of IAA play a vital role in auxin
homeostasis. The conjugation with aspartic acid to make
indole-3-acetyl aspartic acid (IAAsp) is irreversible. The
content of IAAsp (Table 6) was low during endodormancy
(84.3 pmol/g DW). Remarkably to this metabolite is the tran-
sient ninefold increase of conjugation during ecodormancy
and early ontogenetic development between t;* and swollen
bud, which led to 777.2 and 649.8 pmol/g DW IAAsp. Dur-
ing the visible developmental stages between side green and
tight cluster, the values decreased again, to 66 pmol/g DW
IAAsp on average, comparable to the value during endodor-
mancy (LF-t;). The most well-known pathway involves the
conjugation of IAA to amino acids by the GH3 gene family.
Most amino acid conjugates can be hydrolyzed by the ILR1/
ILL gene family to release free IAA. These conjugates are
sometimes called “storage forms” or “bound” auxin (Kramer
and Ackelsberg 2015 and references therein).

The ratio of IAAsp/oxIAA of 3.57 (Table 6) was sig-
nificantly higher during eco-dormancy compared to the
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Table 1 Content of active CKs

" free bases (iP, Z, ¢Z, DHZ) Phase/Stage iP (pmol/g DW) tZ (pmol/g DW) cZ (pmol/g DW) DHZ (pmol/g DW)
in sweet cherry buds during LF-t, 22£0.1° 1.3+03° 2.0£0.1° 0.7+0.1°
gfiﬁ‘;;ﬁ’:;sffazzf atdifferent 4.8+0.4% 1.6+0.2° 23+0.1° 0.7+0.1°

t,*— SB 6.3+1.0° 41+1.3" 37403 1.2+0.1%

SG 13.1+124 9.4+0.14 6.4+0.2% 0.9+0.1

GT 25.1+6.44 21.1+8.3% 5.6+1.4% 294038

TC 11.4+3.0" 40.6+16.3* 8.0+22% 8.4+0.4"

oC 9.2+1.8% 23.1+8.14 7.0+1.4% 7.1+0.9%

Mean + SE 2012/13 and 2013/14, ANOVA, Scheffé’s procedure; different small letters indicate significance
(» <0.05) between phenological phases and capitals between phenological stages

Table 2 Content of active CKs

- R Phase/Stage iPR (pmol/g DW) tZR (pmol/g DW) ¢ZR (pmol/g DW) DHZR (pmol/g DW)

— and their respective ribosides
(iPR, 7ZR, cZR, DHZR) in LF-t, 8.2+0.4° 3.4+0.2° 9.8+0.6° 3.140.3
Z‘i”f?:rteft‘e;gsz‘:‘fng“ﬁ‘fﬂerem ty —t* 9.1+0.8 43405 10.8+0.8 41£0.1°
phenological stages t,* - SB 25.0+3.1° 8.0+0.9° 24.1+3.2° 43+0.5

SG 49.0+2.6° 13.3+0.2° 69.3+3.4% 8.2+0.1€

GT 311.8+19.94 432542148 1653 +21.44 30.2+1.5¢

TC 281.7+45.9* 4623 +63.74 239.6+50.8* 116.6+9.6*

ocC 169.6+23.14B 200.9 +27.54B 230.8 +43.74 85.1+3.08

Mean + SE 2012/13 and 2013/14, ANOVA, Scheffé’s procedure; different small letters indicate significance
(p <0.05) between phenological phases and capitals between phenological stages

Table 3 Content of sugar

. : Phase/Stage  iP9G (pmol/g DW) fZOG (pmol/g DW) ¢ZOG (pmol/g DW) DHZOG (pmol/g DW)
conjugates-N9-glucosides
and O-glucosides (iP9G, LF —t, 0.6+0.03* 38.1+1.3° 28.0+2.4° 24.6+1.3°
1Z0G, cZOG, DHZOG) in — 0.720.01° 4124520 457413 26.4+0.5%
sweet cherry buds during ) ] ) )
different phases and at different t,* - SB 0.7 +0.04° 432425 65.0+3.0° 28.6+1.7°
phenological stages SG 0.6+0.04 4 86.4+10.54 107.4+17.34 25.4+0.44
GT 0.5+0.054 57.9+8.14 753+5.78 28.0+2.44
TC 0.5+0.054 66.8+£9.9 4 46.0+1.6° 32.7+3.24
ocC 0.5+0.094 71.0+16.0 39.3+2.8¢ 27.8+0.94

Mean + SE 2012/13 and 2013/14, ANOVA, Scheffé’s procedure; different small letters indicate significance
(p <0.05) between phenological phases and capitals between phenological stages

ecodormancy or the phase from t,* until swollen bud, 0.45,
and 1.64, respectively. This indicates strong involvement of
genes in sweet cherry buds responsible for conjugation with
aspartic acid to make indole-3-acetyl aspartic acid (IAAsp),
and are involved to maintain ecodormancy at a mean tem-
perature of 1.6 °C during this phase. Our results agree with
the general picture that emerges from the work of Kramer
and Ackelsberg (2015) on seed plants, that auxin accumula-
tion in a nascent sink tissue upregulates auxin conjugation,

@ Springer

preventing auxin toxicity and limiting the size of the region
subject to auxin-mediated gene activation. Compared to the
ratio of 0.34 at SG, the ratio of [AAsp/oxIAA decreased
subsequently to the mean of 0.08, indicating decreasing
importance of conjugation of IAA with aspartic acid during
the later phenological bud development (GT-TC) (Table 6).



Journal of Plant Growth Regulation (2023) 42:2519-2529

2527

Table 4 Content of sugar conjugates-riboside-O-glucosides (ZZROG,
¢ZROG, DHZROG) in sweet cherry buds during different phases and
at different phenological stages

Phase/Stage tZROG ¢ZROG DHZROG
(pmol/g DW) (pmol/g DW) (pmol/g DW)
LF -t 1.240.2% 1.5+0.1° 15+0.2°
t, —t* 1.240.7% 2.1+0.1° 1.5+0.1°*
t,* —SB 1.740.1% 3.3+0.2° 1.74£0.2?
SG 1.8+0.1¢ 3.4+0.28 4.0+0.348
GT 7.9+1.1°® 6.1+0.38 6.7+1.6"8
TC 27.0+£2.0% 10.1+0.74 15.9+2.24
oC 14.2+0.6"B 10.9+1.14 11.6+ 1.248

Mean +SE 2012/13 and 2013/14, ANOVA, Schefté’s procedure; dif-
ferent small letters indicate significance (p <0.05) between phenolog-
ical phases and capitals between phenological stages

Conclusion

This study, focussed on sweet cherry buds, revealed that no
changes in the content of different bioactive metabolites of
GAs (exception GA;), CKs, and AX occurred during winter
rest, and more precisely, during endo- and ecodormancy.
These metabolites, therefore, are not suitable to differentiate
between these dormancy phases. Remarkably and unexpect-
edly, for the member of these groups of plant hormones, the
proposed hypothesis for sweet cherry flower buds is thus in
the statistically sense rejected. The beginning of ontogen-
esis or morphogenesis, which can be defined as an intra-
organismal process by which genotype becomes phenotype,
or by which an undifferentiated organism becomes a highly
complex, highly differentiated organism (Walsh 2007), is
accompanied by specific changes of the content of bioac-
tive molecules, precursors, and conjugation products of the
examined phytohormones.
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Table 5 Content of different total CK types in sweet cherry buds during different phases and at different phenological stages

Total CKs (pmol/g

Total CK Total CK
DW)

Total CK ribo-  Total CK

Total CK

Total cZ-type Total DHZ-

(pmol/g DW)

Total tZ-type
(pmol/g DW)

Phase/Stage Total iP-type

N-Glucosides

O-Glucosides
(pmol/g DW)

nucleotides

sides (pmol/g

DW)

bases (pmol/g

DW)

type (pmol/g

DW)

(pmol/g DW)

(pmol/g DW)

(pmol/g DW)

158.0+10.2°
179.4 +4.6°

1.4+0.02°

1.3+0.04°

102.0+8.5°
115.0+2.5°
139.5+4.4%

21.3+1.8°
28.3+1.2°
50.1+2.0°
49.0+1.08

253+1.6°
273+1.4°
61.4+7.3%

140.3+3.4¢
939.9+127.6*B 82.4+10.34B

62+04°

32.5+2.0°
32.5+0.6°
35.5+1.9
40.4+0.78
69.2+4.18

320.7+52.2% 176.4+15.74

56.8+2.8°
79.0+2.1°

123.5+3.9%

485+1.7°

51.2+6.0°

67.9+4.32
124.1+10.18

14.5+0.8°
19.7+1.6°
43.7+4.28
74.6+3.6¢

LF -t

268.0+10.9%

1.7+0.04?

9.4+0.7°
152+2.5%
29.8+1.74

t -4
{*—SB
SG

GT

448.9 +25.4¢
1260.4 +117.4AB
1461.0+82.24

1.4+0.044

228.5+26.8"

209.8 +19.6"

1.5+0.124

1.5+0.084

182.0+13.54

91.5+6.74

1100.2 +56.1*
686.4 +40.98

54.7+16.04

554.7+133.1% 274.1+27.14
650.4+39.74

362.5+22.54

1.5+0.084

199.4+16.84

+ 68.4+21.34

313.5+48.01B

TC
oC

979.0+62.78

174.1+19.0%

70.4+7.14B

+ 46.5+10.54

347.1+20.7°8 303.5+42.0* 133.6+2.9*

195.7 +23.38€

Mean + SE, 2012/13 and 2013/14, ANOVA, Scheffé’s procedure; different small letters indicate significance (p <0.05) between phenological phases and capitals between phenological stages
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Zi?::, &Z‘:gf‘;gg Itﬁé\r’aﬁo .  Phasc/Sage IAA (pmol/gDW) OxIAA (pmolie DW) IAASp (pmol/g DW)  Ratio IAASloXIAA
IAAsp/oxIAA in sweet cherry LF-t, 290.7+25.7% 246.9+27.2° 84.3+9.4 0.45+0.09°
Efgffg‘;:ﬁgpifgi‘giE;a:f;ggd t—t* 246.0+ 14.6° 23224113 777.2+53.6" 357034

t,* - SB 337.1+32.6" 428.6+36.4 649.8 £55.6" 1.64+0.24°

SG 174.7+25.34 288.9+57.18 98.9+9.8% 0.34+0.05"

GT 335.8+45.0" 427.7+£97.948 53.6+£20.1* 0.07+£0.02"

TC 403.0+96.7% 617.6+25.34 42.8+6.94 0.06+0.01®

oC 556.2+113.0% 611.2+£49.5% 70.3+8.44 0.11+0.018

Mean + SE 2012/13 and 2013/14, ANOVA, Scheffé’s procedure; different small letters indicate significance
(p <0.05) between phenological phases and capitals between phenological stages
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