J Plant Growth Regul (2017) 36:814-823
DOI 10.1007/s00344-017-9685-7

@ CrossMark

ABA Biosynthesis Genes are Down-regulated While Auxin
and Cytokinin Biosynthesis Genes are Up-regulated During
the Release of Grapevine Buds From Endodormancy

Ximena Noriega! « Francisco J. Pérez!

Received: 26 October 2016 / Accepted: 18 January 2017 / Published online: 7 March 2017

© Springer Science+Business Media New York 2017

Abstract Auxin—cytokinin (CK) interactions have been
extensively studied in the control of bud outgrowth in her-
baceous plants. However, in temperate woody plants where
the meristem of dormant buds can be repressed by either
exogenous or endogenous factors, abscisic acid (ABA) has
been suggested as a potential regulator of bud outgrowth.
To investigate the involvement of ABA, CK, and auxin on
bud sprouting in Vitis vinifera, single-bud cuttings were
used under forced conditions. This artificial bud sprouting
system mimics and hastens the natural sprouting process
that occurs in spring. Our results showed that expression
of the ABA biosynthesis gene VWNCEDI decreased dur-
ing incubation, whereas expression of the ABA catabolism
gene VVAS8H3 remained unaltered. Expression of CK bio-
synthesis-related genes ISOPENTENYL TRANSFERASE
(WIPTs) and LONELY GUY (VwLOG]I), CK catabolism-
related gene CYTOKININ OXIDASE (VvCKX3), and key
auxin biosynthesis gene VvYUC3 increased with incuba-
tion time. Moreover, treatment with hydrogen cyanamide
(HC), a compound that breaks vine latency, increased
expression of VvIPTs and VvLOGI and reduced expres-
sion of VwCKX3 and VwNCEDI. These results are consist-
ent with previous reports indicating that HC increases CK
levels and decreases ABA levels in grapevine buds. Taken
together, the results suggest that in the vine, bud sprouting

Electronic supplementary material The online version of this
article (doi:10.1007/s00344-017-9685-7) contains supplementary
material, which is available to authorized users.

< Francisco J. Pérez
frperez@uchile.cl

Lab. Bioquimica Vegetal, Fac. Ciencias, Universidad de
Chile, Casilla 653, Santiago, Chile

@ Springer

is preceded by a decrease in ABA content and an increase
in CK and auxin levels.

Keywords ABA - Auxin - Cytokinin - Endodormancy -
Grapevine buds

Introduction

In many plant species, the intact main shoot apex grows
predominantly and axillary bud outgrowth is inhibited.
This phenomenon is called apical dominance and has been
analyzed for over 70 years (Brown and others 1979; Crabbe
1984; Shimizu-Sato and others 2009). Apical dominance is
regulated by the two plant hormones auxin and cytokinin
(CK) (Kurakawa and others 2007; Shimizu-Sato 2009;
Miiller and Leyser 2011; Azizi and others 2015). However,
strigolactones, a group of terpenoid lactones, was recently
identified as a third type of plant hormone involved in
the control of shoot branching (Gomez-Roldan and oth-
ers 2008; Umehara and others 2008; Brewer and others
2015). Two mechanisms by which auxin inhibits bud out-
growth have been proposed. In the first mechanism, auxin
derived from the shoot apex regulates CK levels in the
stem by inducing CK degradation through the regulation of
CYTOKININ OXIDASE (CKX) expression as well as by the
suppression of CK biosynthesis through the regulation of
ISOPENTENYL TRANSFERASE (IPT) (Shimizu-Sato and
others 2009). Additionally, auxin promotes the expression
of strigolactone biosynthesis-related genes (Foo and others
2005; Zou and others 2006; Hyward and others 2009). The
second mechanism involves suppression of auxin transport/
canalization from axillary buds into the main stem and
is enhanced by the low sink for auxin in the stem (Sachs
1981; Brewer and others 2009; Miiller and Leyser 2011).
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There is a growing body of evidence in support of this
mechanism, much of which is derived from the observa-
tions that strigolactones appear to inhibit buds primarily by
modulating auxin transport and canalization (Bennet and
others 2006; Crawford and others 2010; Dun and others
2012). The greatest advances in understanding auxin and
cytokinin interactions relative to bud outgrowth and shoot
architecture have been addressed in herbaceous plant sys-
tems (Thimann and Skoog 1934; Hall and Hillman 1975;
Gocal and others 1991; Li and others 1995; MclIntyre and
Damson 1998; Shimizu-Sato and Mori 2001; Miiller and
Leyser 2011).

In woody perennial plants, the inhibition of bud out-
growth has been divided into paradormancy (PD) in
which axillary latent bud outgrowth is inhibited by apical
dominance, endodormancy (ED) in which bud growth is
inhibited by intrinsic factors located within the bud, and
ecodormancy (ECD) in which bud outgrowth depends on
environmental cues such as temperature and light (Lang
and others 1987). PD has been studied in Vitis riparia, and
it was shown that the shoot tip, summer lateral buds, and
leaves in addition to node position contributed to the inhi-
bition of axillary bud outgrowth under climate controlled
conditions in the growth chamber (He and others 2012).
However, in the field, under temperate climatic conditions,
buds of V. vinifera transition from the PD into the ED stage
when triggered by a decreased photoperiod (Kiihn and oth-
ers 2009; Grant and others 2013). Recently, it was reported
that the plant hormone abscisic acid (ABA) plays an impor-
tant role in repression of meristem activity in grapevine
buds during ED (Zheng and others 2015; Parada and others
2016). In this study, single-bud cuttings of V. vinifera cv.
Thompson seedless exposed to forced conditions were used
to study changes in the expression of genes associated with
ABA biosynthesis (VWWNCEDI) and degradation (VvASH3);
with auxin biosynthesis (VWAMII, VvYUC3) and transport
(VWPIN3); and with CK biosynthesis (VWIPTs, VvLOG]I)
and degradation (VvCKX3). Furthermore, the effect of
hydrogen cyanamide (HC) on the expression of these genes
was studied at different incubation times. The results sug-
gest that on the vine, unlike in herbaceous plants, ABA and
not auxin act as the principal repressor of bud outgrowth,
whereas auxin and CK promote bud sprouting.

Materials and Methods
Bud Break Under Forced Conditions

The bud break response of single-bud cuttings under forced
conditions is a common indicator used to describe the
depth of dormancy in grapevines (Koussa and others 1994;
Dennis 2003). This system allows the reproduction of ED

bud development prior to bud break under controlled con-
ditions. Canes were collected on 13 May 2015 at the ED
stage according to previous studies (Vergara and others
2010). The canes were taken from 10-year-old Vitis vinifera
L cv. Thompson seedless grown at the experimental station
at the Chilean National Institute of Agriculture Research
(INIA) located in Santiago (33°34'S latitude). Detached
canes, each carrying 10 buds at positions 5—14, were trans-
ferred to the laboratory. Canes were cut into single-bud
cuttings. Cuttings (10-12 cm in length) were separated
into four groups and transferred to a growth chamber set
at 23+2°C with a 16-h photoperiod (forced conditions).
Groups 1 and 2 (30 single-bud cuttings per group) were
used to study the bud break response of hydrogen cyana-
mide (HC) (a compound that breaks dormancy) treated and
control buds, respectively, as described previously (Ver-
gara and others 2010). Groups 3 and 4 were used to sample
weekly HC-treated and control buds, respectively, from the
growth chamber over a period of 3 weeks. After each time
point, the samples (15 buds per date, per treatment and per
biological replicate) were frozen in liquid N, and main-
tained in the freezer at —80 °C until use for gene expression
analysis.

RNA Purification and cDNA Synthesis

Total RNA was extracted and purified from latent buds
(0.5 g fr. wt) of V. vinifera cv. Thompson seedless. Total
RNA was extracted using a modification of the method of
Chang and others (1993) described in Noriega and others
(2007). DNA was removed by treatment with RNAase-
free DNAse (1 U/ul) (Thermo Scientific, USA) at 37°C
for 30 min. First-strand cDNA was synthesized from 5 pg
of purified RNA using 1 ul oligo (dT);,_;5 (0.5 ugxul™)
as a primer, 1 pl NTP mix (10 mM), and Superscript® II
reverse transcriptase (Invitrogen, CA, USA).
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Fig.1 Chemical induction of bud break in Thompson seedless
grapevine. Bud breaks of single-bud cuttings were induced by hydro-
gen cyanamide (HC), and cuttings were placed under forced condi-
tions in a growth chamber

@ Springer



816

J Plant Growth Regul (2017) 36:814-823

Gene Expression Analysis

Gene expression analysis was performed by quantita-
tive real-time PCR using an Eco Real-Time PCR system

Fig. 2 Increased expression

of CK metabolism-related
genes in single-bud cuttings of
Thompson seedless grapevine
over time under forced condi-
tions. Transcript levels were
determined by RT-qPCR and
normalized against VvUBIQUI-
TIN. Samples without incuba-
tion served as the control. Data
are presented as the average of
three biological replicates, each
with three technical replicates,
and bars represent s.d. Different
lower case letters represent
mean values that are signifi-
cantly different at different incu-
bation times for a given gene

as determined by Duncan’s test
(p<0.05)
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and Skaletsky 2000) (Suppl. Table S1) The amplification
of cDNA was performed under the following conditions:
denaturation at 94°C for 2 min followed by 40 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 45 s. Three
biological replicates with three technical replicates were
performed for each treatment. The induction or repression
of transcript levels was calculated using the AACq method
(Livak and Schmittgen 2001); VvUBIQUITIN was used as
a reference gene.
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Statistical Analysis

Differences in gene expression at different incubation
times were analyzed by ANOVA, and multiple com-
parison analysis was carried out by Duncan’s method
(a=0.05). For pairwise comparisons, the Student’s ¢ test
(a=0.05) method was used.
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Results
Bud Break Rate

After 3 weeks of incubation in the growth chamber under
forced conditions, HC-treated single-bud cuttings began
to undergo bud break, and 1 week later, nearly 100% bud
break was observed. Conversely, in control samples, bud
break started after 5 weeks of incubation and reached
nearly 60% bud break 2 weeks later (Fig. 1).

Expression of CK Metabolism Genes Increases
with Incubation Time in Single-Bud Cuttings of Vine

The following CK biosynthesis-related genes were identi-
fied in the genome of V. vinifera: five paralogs that encode
CK biosynthesis isopentenyl transferase isoenzymes
(WIPTI, WIPT3a, VvIPT3b, VvIPT5a, and VvIPT5D); one
gene that encodes lonely guy (VWLOGI), an enzyme that
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Fig. 4 Relative expression among CK metabolism-related genes
in single-bud cuttings of grapevine over time (WUFC, weeks under
forced conditions). Transcript levels were determined by RT-qPCR
and normalized against VvUBIQUITIN. The gene with the highest Ct
was used as the control in each case. Data are presented as the aver-
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activates CKs in a single step (Herber and Kieber 2002);
and one gene that encodes a cytokinin oxidase (VvCKX3),
which is a CK catabolism-related gene (Brugiere and oth-
ers 2003). All these CK metabolism-related genes had
significantly increased expression levels during incuba-
tion under forced conditions. The expression of VwIPT3a
increased more than 1000-fold and peaked after 2 weeks of
incubation (Fig. 2b), whereas all other gene expression lev-
els peaked after 3 weeks of incubation (Fig. 2a, c—g).

Effect of HC on CK Metabolism Gene Expression
in Single-Bud Cuttings with Different Incubation Times

To analyze the effect of HC on the expression of CK
metabolism-related genes, transcript levels of these
genes were compared in HC-treated and untreated buds
incubated for different durations of time (Fig. 3). For
gene expression analysis, untreated samples were used
as controls. After 1 week of incubation in HC-treated
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buds, the expression of VvIPT3a increased threefold,
(Fig. 3b), the expression of VvIPT3b increased 2.6-fold
(Fig. 3 c), the expression of VvIPT5a increased 2.4-fold
(Fig. 3d), the expression of VWLOGI increased 1.6-fold
(Fig. 3f), and the expression of VvCKX3 increased 1.7-
fold (Fig. 3g) relative to control buds (Fig. 3b). However,
after two weeks of incubation, the expression of VvLOGI
increased 6.5-fold (Fig. 3f), whereas after three weeks of
incubation, HC repressed the expression of VvIPT5a by
one-third (Fig. 3d) and of VvCKX3 by one-half (Fig. 3f).

Relative Levels of CK Metabolism Gene Expression
in Single-Bud Cuttings of Grapevine Over Time

To compare the relative levels of CK metabolism-related
gene expression at different incubation times, the gene
that demonstrated the greatest Ct value at each incubation
time was considered as the control and the ACt of that
gene was used to obtain the AACt for the other genes.
Before incubation, buds were at the ED stage (Vergara
and others 2010); at this developmental stage, the gene
that showed the highest level of expression was VvCKX3,
which is related to CK catabolism, whereas the gene
that showed the lowest level of expression was VvIPT3b
(Fig. 4a). These results suggest a low content of CK in
grapevine buds during ED. However, after 1 and 2 weeks
of incubation, a significant increase in the expression of
VWIPT3a was observed (Fig. 4b, c), suggesting a substan-
tial increase in CK content within the buds. After three
weeks of incubation, the expression of VvIPT3a and
VvCKX3 leveled, but their expression levels were still
higher than the other CK related genes (Fig. 4d).

Relative Expression Levels of VvIPT3a and VvCKX3
in the Shoot Apex and Latent Buds at Two
Developmental Stages

To compare the levels of expression of VvIPT3a and
VvCKX3 in the dormant buds with another organ-con-
taining meristem, the shoot-apex, gene expression was
analyzed during the active growth (27 December) and
rest periods (11 March) in both organs (Vergara and oth-
ers 2010). Transcript levels of both genes were signifi-
cantly higher in the latent buds than in the shoot apex
at both developmental stages (Fig. 5a, b). However, the
difference between the expression levels of VvIPT3a in
both tissues decreased in the rest period due to a strong
decrease in the expression level in the latent buds, but the
differences in the expression of VvCKX3 between both
organs remained relatively similar at both developmental
stages (Fig. 5b).

VvYUC3 is Up-Regulated by HC in a Time-Dependent
Manner in Single-Bud Cuttings Under Forced
Conditions

Four paralogs encoding the enzyme YUCCA (flavin
monooxygenase family) were identified in the genome of
V. vinifera; however, VvYUC3 was most highly expressed
in grapevine buds. This enzyme catalyzes the conversion
of indole-3-pyruvic acid (IPA) to indole-3-acetic acid
(IAA) (Mano and Nemoto 2012). Only one gene coding
for the AMI enzyme, which catalyzes the conversion of
indole-3-acetamide (IAM) to IAA, was identified in the
genome of V. vinifera. The expression of auxin biosyn-
thesis genes VvAMII and VvYUC3 and auxin transport
gene VVPIN3 were analyzed in single-bud cuttings over
time (Fig. 6a, b, c). The effect of HC on the expression of
these genes was also analyzed over the same time course
(Fig. 6d, e, f). Transcript levels of VyYUC3 increased
over time (Fig. 6b) and were strongly up-regulated by
HC (Fig. 6e). However, transcript levels of VvAMII only
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Fig. 5 Expression analysis of CK biosynthesis-related gene (VvI-
PT3a) and CK catabolism-related gene (VvCKX3) at the shoot apex
and latent buds of Thompson seedless grapevines during active
growth and recess periods. Transcript levels were determined by RT-
qPCR and normalized against VwUBIQUITIN. Data are presented as
the average of three biological replicates, each with three technical
replicates, bars represent s.d., and asterisks indicate significant dif-
ferences between shoot apex and latent buds (Student’s test a=0.05)
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slightly increased (Fig. 6a), whereas those of VvPIN3
slightly decreased (Fig. 6¢) over time. Therefore, HC did
not affect the expression levels of both genes (Fig. 6d, f).

ABA Biosynthesis Gene VvNCEDI1 is Down-Regulated,
while the ABA Catabolism Gene VvASH3
is not Affected Over Time in Single-Bud Cuttings

A previous bioinformatics analysis identified three puta-
tive homologues of NCED in grapevines (Young and others
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Fig. 6 Gene expression analysis of auxin-related genes in single-bud
cuttings of Thompson seedless grapevine prior to bud break (a, b,
c). Effect of hydrogen cyanamide (HC) on the expression of auxin-
related genes over time (d, e, f). Transcript levels were determined
by RT-qPCR and normalized against VvUBIQUITIN. Samples with-
out incubation served as control for analyzing gene expression over
time. Data are presented as the average of three biological replicates,
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2012). NCED encodes the enzyme 9-cis-epoxycarotenoid
dioxygenase, which is a key enzyme in the synthesis of
ABA (Lefebvre and others 2006). Three VWNCED genes
were identified in mature grape buds; however, VVNCED]
showed the highest expression in grapevine buds (Parada
and others 2016). Four ABA 8-hydroxylase genes were
identified in the genome of V. vinifera; however, VvASH3
was most highly expressed in grapevine buds. ABA has
recently been involved in the release of grapevine buds
from ED. Here, we analyzed the expression of the ABA
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each with three technical replicates, and bars represent s.d. Different
lower case letters represent mean values that are significantly differ-
ent at different incubation times for a given gene as determined by
Duncan’s test (p <0.05). Pairwise comparisons between HC-treated
and non-treated single-bud cuttings at each time point were per-
formed by Student’s ¢ test (a=0.05), and asterisks indicate significant
differences between them
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biosynthesis gene VWNCEDI and the ABA catabolic gene
VVvAS8H3 in single-bud cuttings at different incubation times
(Fig. 7a, b). The effect of HC on the expression of these
genes was also analyzed over time (Fig. 7c, d). Transcript
levels of VWNCEDI decreased significantly after 1 week
of incubation and remained at these lower levels until
bud break (Fig. 7a). As expected, the application of HC
to single-bud cuttings further down-regulated VvNCEDI
expression (Fig. 7b). On the other hand, transcript levels of
VvA8H3 did not show a clear pattern of expression during
incubation (Fig. 7c). HC did not affect gene expression over
this time course (Fig. 7d).

Discussion
Apical meristems are specialized regions found at the

extremities of the stem and the root where cells remains
in a non-differentiated state and have the potential to

proliferate indefinitely (Gegas and Doonan 2006). Axil-
lary and adventitious meristems are also major partici-
pants in the control of the overall plant form, but their
outgrowth is controlled in various ways including dor-
mancy. In temperate woody plants, the activity of the
meristem of latent buds can be repressed either by endog-
enous factors leading to endodormancy (ED) or by exog-
enous factors leading to paradormancy (PD) (Lang and
others 1987; Rohde and Bhalerao 2007). On the vine,
the transition of buds from the PD to the ED is triggered
mainly by the SD-photoperiod (Kiihn and others 2009;
Grant and others 2013), and sprouting occurs after the
end of the ED. In contrast to poplar and other tree spe-
cies, Vitis does not set a terminal bud, and the shoot apex
does not enter into ED nor cold acclimates in response
to the SD-photoperiod. However, other hallmark pheno-
types such as periderm development, growth cessation,
and development of bud ED are induced (Fennel and
Hoover 1991; Wake and Fennel 2000; Sreekantan and

a WNCED1 c WNCED1
1.5+ 2.0+ *
") Il Control
[ HC
5 < 1.5+
< 1.0
%
£ 1.0+
$ 0.54
- a b a 0.5+
o
14 * *
0.0~ 0.0 — — —
Q N Vv i) N Vv -]
Weeks under forced conditions
VWAB8H3 WAS8H3
b d
2.0 4+
® 8 @ Il Control
o (]
315 _bc 3 3 -[ i
3 3
& 1.0 ab X 2-
£ a £
2 2 1
s 0.54 T
0.0+ 0- T T T
Q N Vv L] N Vv 9,

Weeks under forced conditions

Fig. 7 Gene expression analysis of ABA metabolism-related genes
in single-bud cuttings of Thompson seedless grapevine prior to bud
break (a, b). Effect of hydrogen cyanamide (HC) on the expression of
ABA metabolism-related genes (c, d). Transcript levels were deter-
mined by RT-qPCR and normalized against VvUBIQUITIN. Samples
without incubation served as the control for analyzing gene expres-
sion over time. Data are presented as the average of three biological
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replicates, each with three technical replicates, and bars represent
s.d. Different lower case letters represent mean values that are signifi-
cantly different at each time point for a given gene as determined by
Duncan’s test (p <0.05). Pairwise comparisons between HC-treated
and non-treated single-bud cuttings at the different incubation times
were performed by Student’s ¢ test (¢=0.05), and asterisks indicate
significant differences between them
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others 2010; Grant and others 2013). In recent studies,
the plant hormone abscisic acid (ABA) has been involved
in the establishment and maintenance of ED in grapevine
buds (Zheng and others 2015; Parada and others 2016).
Furthermore, it has been suggested that the dormancy-
breaking compound hydrogen cyanamide (HC) exerts
its dormancy-breaking effect by reducing ABA content
(Zheng and others 2015). Here, we show that expression
of the ABA biosynthesis gene VWVNCEDI is decreased
throughout incubation in single-bud cuttings and that this
down-regulation is enhanced by HC (Fig. 7a, c). These
results agree with the data of Zheng and others (2015).
Moreover, we observed increased expression of the
auxin and CK biosynthesis genes VvYUC3 and VvIPT3a,
respectively, in single-bud cuttings over time (Figs. 6b,
2b) with additional enhancement by HC (Figs. 6e, 3b),
strongly suggesting that the plant hormones CK and
auxin promote sprouting in grapevine buds. Additionally,
our results suggest that HC applications might increase
CK content because expression of CK biosynthesis genes
VvIPTs and VvLOG] are up-regulated by HC, whereas the
expression of the CK catabolism gene VvCKX3 is down-
regulated (Fig. 3). These results agree with previous
results indicating that HC increases the content of CK in
grapevine buds (Lombard and others 2006). The increase
of more than 1000-fold in VvIPT3a expression after two
weeks of incubation followed by a sixfold reduction at
week three (Fig. 2b) suggests that a transient increase in
CK content could be a signal (Yoshida and others 2011;
Roman and others 2016) for the resumption of cell prolif-
eration and differentiation within the bud meristem, and
therefore, for the cessation of the ED. It has been shown
that direct applications of CK to tendrils enhances inflo-
rescence formation (Srinivasan and Mullins 1978, 1980);
however, no information regarding the effect of exog-
enous applications of CK on bud break has been reported
on grapevines. Interestingly, the irreversible degradation
of CK by the enzyme cytokinin oxidase (CKX) has been
suggested as a mechanism through which plants can regu-
late their CK levels (Brugiere and others 2003). VvCKX3,
the gene coding for cytokinin oxidase in vines, is highly
expressed in the bud in relation to other organs contain-
ing meristems like the shoot apex. This high expression
of VvCKX3 in dormant buds gives them a high capacity
to degrade CK, which could prevent or mitigate the effect
of exogenous CK applications on vine sprouting. In con-
clusion, the results suggest that in the endodormant buds
of the vine, ABA is the main repressor of bud outgrowth,
while auxin and CK promote bud outgrowth.
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