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ABSTRACT 

The regulation of latent bud dormancy in perennial plants has been widely studied, however the role 

and regulation of cell division and gene expression during dormancy transitions has received little 

attention. Conceptually, dormant meristem cells are arrested at the G1/S transition of the cell cycle. 

However, very few studies to date in perennials have demonstrated this with physiological data. 

Grapevine (Vitis vinifera L.) is the most commercially important fruit crop worldwide and displays a 

high degree of plasticity to climate. Conflicting data exist on the seasonal dynamics of bud dormancy, 

and the contemporary view of the relationship of dormancy to chilling is somewhat unclear. This 

thesis sought to improve knowledge of seasonal regulation of dormancy in grapevine and regulation 

of cell division. Particularly attention was given to the condition prior to winter, where earlier studies 

had revealed a pronounced bud transient phase of dormancy. 

Latent buds were collected from a commercial vineyard in the maritime Mediterranean region of 

Margaret River, Western Australia (34 °S, 115 °E) over three time points for two years, from 

maturation in late summer/ early autumn (March) to the end of winter (August). Buds were assessed 

for their field-state condition, and additionally, buds collected in March were treated with hydrogen 

cyanamide (H2CN2) as a tool to investigate the regulatory state of this condition. Three experimental 

chapters were designed with the following aims: (i) to define the dynamics of dormancy (BB50) over 

the season and relationship with mitotic progression and ultrastructural changes (Chapter 2); (ii) to 

investigate the transcriptional regulation of bud development and particularly the state of peak latency 

(March) by mRNA sequencing analysis (Chapter 3), and; (iii) to explore the distribution of histone 

H3 along the chromatin of latent mature buds as a preliminary study to further investigate the 

relationship between modifications in the histone H3 and regulation of gene expression (Chapter 4). 

An explant forcing study presented in Chapter 2 showed that buds were at peak dormancy in March, 

whereby less than 50 % of the buds had burst within 200 days (BB50). The rate of bud burst had 

increased markedly by late autumn (May) to late winter (August), indicated by a decline in BB50 
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to < 60 and < 25 days respectively. The application of H2CN2 accelerated bud burst in buds at each 

time point, reducing the BB50 to < 30 days. The mitotic index, measured by flow cytometry within 

48 hours of sampling, showed that cells were predominantly in the G1 phase of the cell cycle, and the 

proportion apparently increased in successive sampling times. A 24 hours treatment with H2CN2 had 

no effect on the mitotic index. Ultrastructure analysis of the shoot apical meristem of the primary bud 

provided supporting evidence of the low mitotic activities in all conditions, as well as no visible 

change in organelle populations and progressive accumulation of starch. Analysis of whole 

transcriptome data presented in Chapter 3 also suggested little mitotic activity, as very few genes 

encoding cell cycle regulators were differentially expressed between sample times. Meanwhile, gene 

ontology enrichment highlighted differential regulation of biological processes associated with the 

release of seed from dormancy (GO:0048838), carbohydrate metabolism (GO:0005975), response to 

stimulus (GO:0050896), and oxidation-reduction (GO:0055114), indicating primary roles for these 

processes in maintaining viability throughout quiescence. In contrast to the effect on cell division, 

H2CN2 treatment evoked an immense transcriptional change, particularly pronounced in biological 

processes associated with detoxification and response to stimulus. A preliminary investigation of 

histone 3 occupancy is presented in Chapter 4 as a hypothesis and method development chapter. There 

we also found differential enrichment of DNA associated with histone H3 at each sample times with 

the highest enrichment were observed in buds treated with hydrogen cyanamide and buds collected 

in May. These data are discussed together in the final chapter, with a particular focus on the 

physiological role and regulation of the deep dormancy observed in March. Taken together, this thesis 

has elucidated cellular and transcriptomic regulation underpin the developmental transition of mature 

latent buds of grapevine cv. Cabernet Sauvignon. 
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THESIS STRUCTURE 

This thesis contains three experimental chapters, preceded by a chapter of general introduction and 

brief literature review, and concluded by a general discussion chapter. The experimental chapters 

(Chapter 2, 3, and 4) are written as manuscript for submission to journal but are not formatted in any 

journal style as they have not been submitted for publication yet. A preface precedes every 

experimental chapter to outline the contribution by the co-author. Data obtained in the experimental 

chapters are discussed together in the general discussion chapter (Chapter 5). 
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1. General introduction and literature review 

1.1 General introduction 

Bud dormancy is a hallmark of many perennial plants. This strategy is an adaptation to a seasonal 

climate, which ensures survival through unfavourable and potentially lethal conditions. Nevertheless, 

there is considerable ecological diversity in dormancy behaviours of perennials; for example, the 

dependence on photoperiod or temperature cues, whether dormancy co-occurs with deciduousness, 

or whether the basal or terminal bud develops dormancy. There is also diversity in the language of 

dormancy. The term dormancy as used here refers to an entrained state of repressed quiescence 

(Considine and Considine, 2016). It is the failure, or extreme resistance, of an intact and viable organ 

to complete the resumption of growth (Rohde and Bhalerao, 2007). This review is largely confined 

to the dormancy behaviour of the axillary, proleptic bud of temperate angiosperms, particularly the 

species of experimental interest, grapevine (Vitis vinifera L.). 

Grapevine is the most economically important fruit crop worldwide, grown commercially in six 

continents and across a wide range of climates, spanning at least 40° latitude (Anderson and Aryal, 

2013; Wolkovich et al., 2018). The phenology of grapevine displays a high degree of environmental 

plasticity, as it can be strongly deciduous in a cool-temperate climate or tend towards an evergreen 

habit in a subtropical or tropical climate (Possingham, 2004). The proleptic shoot develops within the 

basal axillary bud (N+2; Lavee and May, 1997) during spring. Bud outgrowth is repressed while the 

shoot ramifies, developing a number of nodes before maturation, lignification, acquisition of 

hardiness to cold and desiccation, and the development of dormancy (Lavee and May, 1997). In 

grapevine, the apical bud will abscise. Following dormancy release, the shoot resumes growth 

indeterminately, and the cycle continues. While these phenotypic or morphological events are 

reasonably well-understood, understanding of the physiology and relationship of grapevine bud 

dormancy to the external environment is still incomplete. For example, although some grapevine 

species such as V. riparia are markedly responsive to daylength (Wake and Fennel, 2000), V. vinifera 
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is considered to be comparatively insensitive, as dormancy can occur in a long-day condition (Pouget, 

1963; Lavee and May, 1997). Instead, temperature is considered to be the primary environmental cue 

governing dormancy in grapevine. 

The release of dormancy and regulation of bud break has wide economical and ecological importance 

and as such has been widely studied and modelled (Saure, 1985; Heidi and Prestrud, 2005; Olsen, 

2010; Singh et al., 2017). The role of chilling exposure in dormancy release has become a paradigm, 

and as a result, much of our knowledge of bud dormancy is restricted during the period of natural 

chilling exposure, from mid-late autumn through winter (Or et al., 2000; Perez and Lira, 2005; 

Vergara and Perez, 2010; Niu et al., 2016; Zheng et al., 2018). Nevertheless, earlier studies in 

grapevine indicate that bud physiology is highly dynamic during late summer (Pouget, 1963; Nigond, 

1967). Therein, the depth of dormancy was maximal in late summer, declining substantially prior to 

the middle of autumn. This study poses a challenge to the classic autumn dormancy and dormancy 

nomenclature introduced by Lang (1987) suggesting that in some grapevine cultivar the requirement 

for chilling to be facultative, and its effect is quantitative rather than qualitative (Nigond, 1957). 

On a whole-vine basis, a variation on the physiological status of each bud is evident, and each bud is 

suggested to be viewed as an independent unit with its developmental process, including dormancy 

(Antcliff and Webster, 1955; Lavee and May, 1997). Developing an objective measure of the state of 

dormancy is imperative and yet a difficult task because the developmental and physiological state of 

the bud can be confounded by bud acclimation as a response to the growing environment (Rohde and 

Bhalerao, 2007; Cooke et al., 2012). Nevertheless, for practical experiments, explant forcing studies 

have been the contemporary model; whereby cuttings with one or more nodes are grown in permissive 

conditions of a controlled environment (Mullins, 1966; Mullins et al., 1992; Alvarez et al., 2018). The 

depth is typically measured quantitatively as either a percentage of buds burst within a certain time, 

e.g. 28 days, or as the time required to reach 50 % of bud burst (BB50). However, there has been no 

consensus threshold for either metric, leading to inconsistent interpretations of dormancy data 

(Considine and Considine, 2016; Alvarez et al., 2018). 
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Since dormancy is a property of meristematic organs, which are defined by the capacity for cell 

division, we may expect a close relationship between the dynamics of bud dormancy and cell cycle 

regulation. A number of studies have documented changes in the expression of grapevine cell cycle 

genes, including during dormancy transitions (Vergara et al., 2016 and 2017). However, there is a 

considerable lack of physiological data available on the patterns of cell division during the annual 

growth cycle of proleptic buds, particularly grapevine (Velappan et al., 2017). Earlier observations 

of mitotic activities in seeds, embryos and terminal buds showed that cells are predominantly arrested 

at the G1 phase of the cell cycle (see Velappan et al., 2017, Table 1 and references therein). This 

relationship is well-supported in the case of seed, whereby extreme desiccation restricts metabolic 

activity (Bewley, 1997). In barley seed having 10-12 % water content, 82 % and 17 % embryo cells 

were observed at G1 and G2 phase respectively (or at 2C and 4C DNA level), and the G2 proportion 

rapidly increased to 32 % within 18 hours of imbibition (Gendreau et al., 2012). A recent study 

observing the water influx into the terminal buds of Norway spruce showed that upon exposure to 

short-day, a thick-walled cell was formed at the base of the buds preventing water transport into the 

buds in which coincided with growth cessation and dormant bud formation (Lee et al., 2017). 

However, the relation between water content and cell cycle activities in buds remain unclear. The 

level of desiccation of dormant buds is less marked than of seeds, in the order of 40 % moisture 

content (Pouget, 1963). Thereby, desiccation may have less of an influence on the cell cycle 

regulation in buds. Microscopic analysis on terminal buds of Pseudotsuga menziesii (Douglas fir) 

showed that the shoot meristem comprised heterogeneous cells, which differed in size and nuclear 

DNA content and thus created a histological zonation when observed under the microscope (Owens 

and Molder, 1972). At the whole shoot apex level, no mitosis was detected during dormancy with an 

average of 45 % cells were found having 2C nuclear DNA content (G1/S in cell cycle phase), and 

15 % cells were having 4C nuclear DNA content (G2/M). Interestingly, this proportion did not change 

much, even after the late leaf initiation stage. Furthermore, histological zonation was maintained 

through bud development and independent of nuclear DNA content. Nevertheless, significant 
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changes can be observed when comparing cell cycle activities at a particular zone along the 

developmental stage. For instance, the mitotic activities in early bud-scale initiation differ 

significantly compare to late leaf initiation at the apical zone but not at the peripheral zone, suggest 

spatial regulation of mitotic activities. 

The rapid advances and cost-reduction of microarray and high-throughput sequencing technology has 

recently enabled exploration of the global transcriptional regulation in woody perennials, including 

gene regulation of bud dormancy (Rohde et al., 2007; Ruttink et al., 2007; Ophir et al., 2009; Fasoli 

et al., 2012; Liu et al., 2012; Bai et al., 2013; Díaz-Riquelme et al., 2012, Khalil-Ur-Rehman et al., 

2017). Available literature of transcriptome-wide studies suggests a correlation between internal and 

external stimulus and gene regulatory network in governing dormancy in perennials, e.g. photoperiod 

induced dormancy transition (Zawaski and Busov, 2014; Fennell et al., 2015, Sreekantan et al., 2010), 

hormone regulation in dormancy transition (Zhuang et al., 2013; Zawaski and Busov, 2014), carbon 

or sugar level during the transition to dormancy or bud break (Tarancon et al, 2017; Zhang et al., 

2018), and epigenetic regulation (Santamaria et al., 2011; Conde et al., 2019). 

As indicated earlier, however, few studies have systematically studied physiology and genetic state 

of the bud during the summer period preceding environmental chilling. Those that have, investigated 

species that are markedly responsive to photoperiod, such as poplar (Populus spp.; Rohde et al., 2007; 

Ruttink et al., 2007), peach (Prunus persica; Heide, 2008; Li et al., 2009), kiwifruit (Actinidia 

deliciosa; Lionakis and Schwabe, 1984; Snelgar et al., 2007), and riverbank grapevine (V. riparia; 

Fennell et al., 2015). The extensive developmental transcriptome study of the grapevine (V. vinifera) 

bud by Diaz-Riquelme et al. (2012) was nonetheless unaccompanied by physiological data. Hence, 

there is a need for further research to bring together the physiology and molecular regulation of bud 

development and dormancy in grapevine, notably prior to the onset of environmental chilling. Hence, 

this research will explore the physiological, cellular, and molecular regulation of the bud of 

V. vinifera cv. Cabernet Sauvignon, with particular attention to the state of the bud during the summer 

period. 
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1.2 Thesis aims and structure 

1. To identify gaps in the knowledge of cell cycle activities, cellular morphological changes, and 

transcriptome regulation during dormancy in perennial buds, with particular attention to the 

summer condition in grapevine (Chapter 1). 

2. To systematically characterise the dynamics of bud dormancy (BB50) over the season, and the 

relationship to mitotic progression and ultrastructural changes in the primary bud apex of 

Cabernet Sauvignon, grown in a Mediterranean climate (Chapter 2). 

3. To develop an acute insight into the regulatory state of the summer dormant buds by carrying out 

a comparative analysis explore the transcriptional dynamics of bud dormancy, using data from 

Chapter 2 as a physiological platform (Chapter 3). 

4. To discover regions of the grapevine genome that are differentially occupied by histone H3 

through the different stages of bud dormancy, with reference to the platform established in 

Chapters 2-3. This aimed to optimise a chromatin immunoprecipitation assay protocol for 

grapevine buds that could later be developed to study the role of modifications of histone H3 in 

regulating gene expression during dormancy transitions (Chapter 4). 

  



6 

 

1.3 Literature review 

1.3.1 The phenology of grapevine buds 

Bud development in temperate perennials, including grapevine, is an adaptation to a seasonal climate 

that maximises survival and reproduction by tuning growth rhythms to predictable seasonal cues. In 

the grapevine shoot, two types of buds develop within the leaf axil. The first bud to arise is a prompt 

bud (N+1), which is sylleptic and may grow out during the same season as the main shoot (N; 

Figure 1.1A). The first leaf of prompt bud is reduced to a prophyll (scale-like structure) where the 

latent bud forms (N+2 and N+3; Figure 1.1B; Mullins et al., 1992). The latent bud is a compound of 

three embryonic shoots, i.e. one large primary bud at the centre (N+2) and two smaller buds flanking 

the primary called secondary (N+31) and tertiary (N+32) buds (Figure 1.1B) (Pratt, 1974). Leaf and 

tendril primordia are developed in all three buds while initiation of inflorescence meristems is 

predominantly restricted to the primary bud. When the primary bud is incapable of bursting, for 

example in a physiological disorder like primary bud necrosis, the secondary or tertiary may burst. 

During the growing season, the primary latent bud (N+2) develops six to ten leaf primordia and up to 

three inflorescence primordia (Figure 1.1C-D). Inflorescence and leaf primordia growth then halt 

when the bud reaches maturation (Mullins et al., 1992). 

In a temperate climate, photoperiod and temperature are the two main phenological cues. Buds enter 

dormancy when day length and temperature decline in autumn (Rohde and Bhalerao, 2007; Kühn et 

al., 2009; Grant et al., 2013). During the establishment of dormancy, exposure to chilling 

temperatures is believed to play two important roles. First, it primes the buds to tolerate freezing 

temperatures through acclimation (Dokoozlian et al., 1999). In photoperiod sensitive plants, however, 

induction of dormancy and freezing tolerance is primed by short photoperiod (Welling and Palva, 

2008; Rinne et al., 2001, 2018). Second, it is widely considered that the accumulation of exposure to 

chilling is a prerequisite for the release of dormancy (Saure et al., 1985; Mohammed et al., 2010). 

Upon chilling fulfilment, the bud is capable of resuming growth. 
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Earlier studies of the growth-dormancy cycle in grapevine cultivars grown in France documented a 

distinct growth-dormancy pattern compared to data shown in more recent studies, in particular, that 

the depth of dormancy was dynamic and maximal in summer and autumn (Pouget, 1963; Nigond, 

1967). Pouget (1963) established 5 phases of the annual vegetative cycle of buds in natural growing 

condition: (1) pre-dormancy, an active growth where organogenesis in shoot meristem takes place 

and bud outgrowth is limited by correlative inhibition, (2) entry of dormancy, observed in summer 

when latent buds quickly losing the ability to grow, (3) dormancy phase, denoted by a highly dynamic 

degree of latency, (4) dormancy release, occurs around autumn after buds exposed to low temperature 

for several consecutive days (below 10 °C for at least 7 days; Pouget, 1968) resulting in a slower 

reduction of BB50 and more homogenous bud burst under forcing condition, (5) post-dormancy, a 

period when buds have committed to growing and rapidly burst under forcing condition. At the pre-

dormancy stage, decapitation (N) and removal of the prompt bud (N+1) results in bud outgrowth 

(Huglin, 1958; Pouget, 1963). The entry to dormancy was documented to occur over a short period 

of no more than 2 weeks (Pouget, 1963), followed by a sudden increase of BB50 to 200 days, denoting 

the dormancy phase. The dormant state extends to around autumn in which BB50 declined as rapidly 

as the onset; however, bud burst was irregular (Pouget, 1963). Exposure to temperatures below 10 °C 

for at 7 days was sufficient to release the bud from dormancy (Pouget, 1968). Following the natural 

release from dormancy, the BB50 declined more gradually, and bud burst became more homogeneous. 

In the post-dormancy phase, rapid bud burst occurred when the environmental temperature reaches 

the favourable threshold. If temperature remains below the threshold, bud will still burst after a longer 

period (Pouget, 1972 and 1988). 
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Figure 1.1. Anatomy of the axillary buds of Vitis vinifera cv. Cabernet Sauvignon. During spring, two axillary 

buds grow within the leaf axil of the main shoot (N), i.e. the latent buds (N+2) and prompt buds (N+1) (A). 

The mature latent bud is a compound bud consisting of three meristems, the primary (N+2), secondary 

(N+31) and tertiary (N+32) buds (B). In grapevine shoot meristem (C and D), leaf (LP) (C) and inflorescence 

(arrow, IF) (D) primordia are developed in the primary N+2 buds. SAM, shoot apical meristem; asterisk, the 

stem of the embryonic shoot. 

1.3.2 Molecular regulation of perennial bud dormancy 

The perennial bud of temperate species was acquired through evolution as an adaptation to the 

predictable seasonality of a temperate climate, maximising survival and fecundity. In general, 

declining photoperiod and temperature in autumn start the sequential events of bud quiescence, i.e. 

growth cessation, cold hardiness, bud set, dormancy (Rohde and Bhalerao, 2007). The later stage can 

be dissected into induction, maintenance, and release phase. A conceptual framework of photoperiod 

and temperature role in governing the growth-dormancy cycle in perennials has been reviewed several 

times (Arora et al., 2003; Rinne et al., 2010; Cooke et al., 2012; Maurya and Bhalerao, 2017; Lloret 
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et al., 2018). In addition to day length and temperature, subsequent regulations as a consequence of 

the initial environment perception have been suggested, this includes circadian rhythm, hormonal 

signalling, cell cycle regulation, stress response, dormancy-associated regulator, and epigenetic 

regulations of buds (Horvath et al., 2003; Cooke et al., 2012; Shim et al., 2014; Ríos et al., 2014; 

Lloret et al., 2018; da Silveira Falavigna et al., 2018; Conde et al., 2019). 

Regulation of the onset of dormancy 

The perception of light to induce growth cessation is orchestrated by photoreceptor pigments known 

as phytochromes (PHY). Expression of PHYA, a red/far-red light-receptor phytochrome, in 

Arabidopsis showed oscillation with diurnal rhythm under short-day conditions but remains low and 

constant in a long-day condition, which coincides with flowering time (Mockler et al., 2003). In 

Populus trees, a short-day condition has been reported to induced growth cessation and terminal bud 

set, also through the perception of red/far-red light (Howe et al., 1996). The down-regulation of 

Populus PHYA by antisense inhibition resulted in early growth cessation and terminal bud set under 

short-day conditions. Further, a Populus line constitutively expressing oat PHYA (oatPHYAox) did 

not undergo dormancy (Korazewa et al. 2010). Integration of the photoperiod signal into growth 

response is also mediated by the FLOWERING LOCUS T/CONSTANT (FT/CO) regulatory module 

in the leaves (Turck et al., 2008; Böhlenius et al., 2006; Rinne et al., 2011) and CENTRORADIALIS-

LIKE1/ TERMINAL FLOWER1 (CENL1/TFL1) in the apex (Ruonala et al., 2008). In Arabidopsis, 

light quality and quantity are perceived in the leaves which then triggers a signal cascade for flowering 

that is transported to the shoot apex via the phloem, resulting in the reproductive phase transition 

(Turck et al., 2008). While, in Populus, short day-induced growth cessation was coincident with 

down-regulation of the CENTRORADIALIS-LIKE1/ TERMINAL FLOWER1 (CENL1/TFL1) and 

isolation of the shoot apical meristem area through plasmodesmata closure (Ruonala et al., 2008). 

Further, it was demonstrated that photoperiod responses and the regulation of cell-cell communication 

are also mediated by abscisic acid (ABA; Tylewicz et al., 2018). Here, down-regulation of FT2 under 

short-days coincides with the increased synthesis of ABA and ABA receptors which then induces 
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synthesis of callose via suppression of PICKLE, an antagonist of gene silencing complex PRC2 

(polycomb repression complex 2). Consequently, plasmodesmata are closed by callose deposition 

and transport of growth signals, such as FT, to the meristematic area of the apical meristem was 

prevented (Rinne et al., 2011; Tylewicz et al., 2018). Further, hybrid aspen with reduced ABA 

response gene ABI1 was able to develop bud set under short-day conditions but failed to remain 

dormant after transfer to the long-day condition, supporting the role of ABA during the maintenance 

of dormancy state (Tylewicz et al., 2018). Interestingly this regulation is seemingly co-dependent on 

temperature, whereby gibberellic acid regulates the catabolism of callose in the plasmodesmata 

following chilling, enabling cell-cell communication to resume (Rinne et al., 2011). 

In grapevine, the transcriptional state as a response to photoperiod has been documented during 

flowering development and the transition into dormancy in V. riparia and V. hybrid Seyval 

(Sreekantan et al., 2010; Fennell et al., 2015). In both genotypes, floral initiation occurred in either 

short- (SD) a or long-day (LD) regime, although a slower process was observed in short-day (SD) 

treatment (Sreekantan et al., 2010). A different phenotype was observed in the dormancy transition 

as a response to photoperiod. V. riparia buds entered dormancy 21 days after exposure to SD 

condition, while V. hybrid Seyval remain non-dormant after 42 days (Fennell et al., 2015). Differential 

expression analysis showed three distinct gene expression patterns after exposure to SD condition, 

implying three phases of dormancy development in V. riparia, i.e. perception, induction, and 

dormancy. Meanwhile, there were no significant changes in V. hybrid Seyval at the time V. riparia 

enter dormancy phase. 

During the natural induction of dormancy, the level of ABA in buds accumulated in parallel with up-

regulation of transcripts encoding 9-CIS-EPOXYCAROTENOID DIOXYGENASE (VvNCED1), an 

enzyme catalysing ABA biosynthesis (Zheng et al., 2015). Further, release from dormancy was 

accompanied by an increased level of ABA catabolites as well as expression of ABA 8′-hydroxylase 

(VvA8H-CYP707A4), which codes for ABA catabolism. Similarly, over-expression of VvA8H‐

CYP707A4 enhanced bud burst both in natural and forcing conditions (Zheng et al., 2015 and 2018a). 
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The role of gibberellic acid (GA) in growth resumption, varied depending on the physiological status 

of the meristem. While endogenous GA levels increased during release from dormancy and external 

application of GA3 repressed bud outgrowth (Zheng et al., 2018b). Developmentally different 

responses to hormone applications have been widely documented in grapevine, including dormancy 

(Lavee and May, 1997). In addition, Rinne et al., (2011) demonstrated different responses of 1,3-β-

glucanase genes to GA3 and GA4. 

Maintenance of dormancy and relationship to hardiness 

In the temperate/ Mediterranean climates of much of the global production of grapevine, the 

temperature gradually declines with photoperiod towards the winter period. Particularly in cool-

temperate regions, low temperatures may cause cellular injury as a consequence of freeze-induced 

dehydration. Tolerance to freezing may be acquired by exposure to non-lethal chilling, a process 

known as cold acclimation. The molecular study of cold-response in Arabidopsis has led to the 

identification of cold-regulated genes, named COR. Most COR genes share a common cis-acting 

DNA regulatory element in the promoter region, i.e. the C-repeat/dehydration responsive element 

(DRE; Yamaguchi-Shinozaki and Shinozaki, 1994). Also, it was reported that a C-repeat binding 

factor (CBF), a transcription factor expressed as a response to low temperature, can recognise and 

bind to the DRE motif, suggesting the possible role of CBFs as the regulator for COR genes 

expression by its binding to DRE motif (Stockinger et al., 1997). Ectopic expression of the 

Arabidopsis CBF1 (AtCBF1) in Populus stem and leaves sufficiently increased freezing tolerance 

and up-regulating similar cold-responsive genes as in Arabidopsis (Benedict et al., 2006). Further, a 

study in birch demonstrates the role of BpCBF in both growing and dormant tissue to acclimate with 

changing environmental conditions both in the episodic frost during growing season and 

overwintering (Welling and Palva, 2008). In grapevine, the VvCBF1-4 expression enhanced upon 

exposure to low temperature (Xiao et al., 2006, 2008). Ectopic expression of V. vinifera and V. riparia 

CBF4 genes in Arabidopsis improved freezing tolerance of the transgenic plants coincident with 

increased expression of Arabidopsis COR genes (Takuhara et al., 2011; Siddiqua and Nassuth, 2011). 
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Dormancy release associated with chilling fulfilment and flowering induction 

As demonstrated by forcing studies, even following the release of dormancy, the bud may fail to 

resume growth in the field due to limiting climate conditions. The mechanism of chilling-induced 

dormancy release has been suggested to be analogous to vernalisation (Sung and Amasino, 2005). 

Study of the spontaneous evergreen (evg) mutant of peach (Prunus persica), which fails to form 

terminal buds under short-day conditions led to the identification of six tandem genes, called 

DORMANCY ASSOCIATED MADS (DAM), which cluster together with MADS (MCM1, AGAMOUS, 

DEFICIENS, SRF)-box transcription factors (Bielenberg et al., 2008). DAM genes were found to be 

orthologous to SHORT VEGETATIVE PHASE (SVP) and AGAMOUS-LIKE24 (AGL24) genes in 

Arabidopsis (Bielenberg et al., 2008), which regulate the expression of FLOWERING LOCUS T (FT), 

a flowering regulator (Lee et al., 2007). The role of DAM genes in dormancy release as a response to 

changes of photoperiods and chilling exposure has been suggested (Li et al., 2009; de la Fuente et al., 

2015; Yamane et al., 2019). Each of the peach DAM genes displayed different seasonal rhythms; 

however, the expression of DAM6 showed a pronounced negative relationship with photoperiod, 

increasing from a minimum coincident with the cessation of shoot elongation (Li et al., 2009), while 

repression of DAM6 coincided with dormancy release (de la Fuente et al., 2015). Ectopic expression 

of the Prunus DAM6 in apple delayed bud outgrowth, suggesting a conserved function of the DAM 

genes in woody perennials (Yamane et al., 2019). In Populus trees, the role of EARLY BUD BREAK1, 

a member of the APETALA2/ethylene responsive factor (AP2/ERF) transcription factor family has 

been demonstrated (Yordanov et al., 2014). The EBB1 was localised at tunica (L1 and L2) layers of 

the shoot apical meristem and transgenic poplar overexpressing EBB1 have larger cells at the bud 

apex with higher cell division rate compared to wild type. A comparative study also revealed that 

EBB1 might have a conserved function across a wide range of perennials (Busov et al., 2016). 

As indicated earlier, dormancy induction and release are accompanied by crosstalk between ABA, 

ethylene, perturbation of respiration (Zheng et al., 2015, 2018a, and 2018b). ABA application on 

shoot apical and latent buds was suggested to inhibit cell cycle progression by differentially regulating 
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the CYCLIN, CYCLIN-DEPENDENT KINASE and INHIBITOR OF CDK/KIP-RELATED PROTEIN 

(Vergara et al., 2017). In comparison, application of hydrogen cyanamide to force dormancy release 

increased ABA degradation in a process catalysed by ABA-HYDROLASE and showed opposite 

regulation of cell cycle-related genes as observed during dormancy induction (Zheng et al., 2015; 

Noriega and Perez, 2017a and 2017b). Following release from dormancy by ABA degradation, down-

regulation of ABA biosynthesis, and ABA-mediated signalling, a significant increase of genes 

involved in respiration and oxidative stress was proposed to be essential for bud burst (Ophir et al., 

2009; Meitha et al., 2018). The application of hydrogen cyanamide to force dormancy release 

believed to inhibit respiration and induce production of reactive oxygen species (ROS) which then 

act as a signalling molecule to modulate bud growth resumption (Ophir et al., 2009). Further, an 

examination of partial oxygen pressure (pO2), superoxide, and hydrogen peroxide level in quiescence 

buds showed that the bud undergoes a transition from a hypoxic to an oxygenated state during bud 

burst (Meitha et al., 2015) 

Although a significant number of studies have been conducted to elucidate dormancy mechanism in 

perennials, and some conserved patterns of regulation observed, it is clear that (i) species-level 

differences prevail, e.g. the weak photoperiod response of V. vinifera by comparison to Populus spp., 

and (ii) the contemporary studies of V. vinifera have largely focussed on the condition of buds during 

late autumn and winter. Meanwhile, little attention has been given to the period of growth during 

summer and early autumn, which was highlighted by earlier studies to show a more pronounced and 

seasonally earlier dynamic of dormancy than widely recognised (Pouget, 1963; Nigond, 1967; Lavee 

and May, 1997; Or, 2009). 

1.3.3 Cellular aspects of meristems 

Comparing gene expression patterns with those characterised in a model plant to gain insight of 

developmental regulation in a non-model plant, will only be useful when there is a firm understanding 

of the developmental physiology of the species of interest. The dynamic processes in the shoot apical 

meristem (SAM) has been a central study in plant development for two essential reasons: (1) organ 
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formation and establishment of all aerial plant body are initiated at the shoot apical meristem and (2) 

cell fate and position of each organ in a plant is determined at the SAM (Lyndon, 1994; Clark, 1997). 

The cells of the SAM, conceptually, are organised into at least a two-level structure (Steeves and 

Sussex, 1989; Mullins et al., 1992; Sharma and Fletcher, 2002). First, based on cell division direction, 

SAM organisation appears as two distinct layers, i.e. the tunica (L1 and L2) which only divide in an 

anticlinal direction (perpendicular to the surface) and the corpus (L3) layer which divides both 

anticlinal and periclinal direction (parallel to the surface). Second, based on the relative position of 

the cells, the SAM zonation is divided into the central zone (located at the tip of apex), peripheral 

zone (flanking the central zone), and rib zone (beneath the central zone). In plants, cell fate and 

differentiation are post-embryonic events which continuously occurs as plant growth and determine 

in positional-dependent (zonation) manner rather than lineage (layers) (Furner and Pumfrey, 1992).  

Several early studies of plant developmental transitions have documented the distinct zonation pattern 

at the SAM (Avetisova and Chel’tsova, 1980; Berggren, 1984; Bañón et al., 1996; Arend and Fromm, 

2003; Foster et al., 2003). These studies highlight the characteristics of each zone mainly by 

differences in the cellular composition. For instance, the undifferentiated slow dividing cells at central 

zone usually have dense cytoplasm and lack vacuoles, while actively diving cells at peripheral or rib 

zone have larger vacuoles and functional organelles. Although plant development is tightly linked 

with cellular structure, the dynamics of cell morphology during development remain poorly 

documented in perennial species. Most microscopy study, either bright field or transmission electron 

microscope, is an observation of two-dimension thin section images. Two-dimension observations of 

a three-dimension structure, to a certain extent, may contribute to inconsistent observation of cellular 

morphology at ultrastructure level. Relative volume or shape of cell component, e.g. nuclei and 

organelles, can vary depending on its position relative to the cutting plane. For example, “unidentified 

bodies” observed in the cortical parenchyma of dormant Populus euramericana appear similar to 

mitochondria in size but not in ultrastructure (Sagisaka, 1991). The structure was then identified as 

“plastid initial” by processing several serial section images allowing three-dimensional analysis of 



15 

 

the target structure. Nevertheless, several earlier and current studies have provided an insight of 

cellular morphological changes during perennial development, especially as a response to seasonal 

changes. 

The early ultrastructure during vegetative growth, dormancy, or bud break in perennial latent buds 

mainly describe morphological changes of the cellular component at each SAM zone. An 

ultrastructure study of Salix sp. buds showed dynamic changes in the nuclear DNA content, vacuole 

size, and abundance of organelles at SAM during vegetative buds growth and dormancy (Berggren 

1984 and 1985). This study showed the relative volume of the vacuole and several other cell 

components differed between growing and dormant buds. For instance, the relative volume of the 

vacuole was relatively low in dormant buds compared to growing buds while relative volume 

mitochondria, plastid, lipid bodies, and starch were higher. In contrast, no difference was observed 

regarding histological zonation in both growing and dormant Salix sp. buds. Further, cells at central 

zone had a relatively similar appearance throughout the season, i.e. relatively small cells with nuclei 

occupying most of the cell volume, which contrasted with cells of the peripheral and rib zone. Another 

microscopic observation in overwintering terminal buds of Rhododendron maximum showed that the 

tunica has thin cell wall with many plasmodesmata in contrast to the thick cell wall in the rib zone 

(Lynch and Rivera, 1981). Further, a large number of lipid bodies and tannins were observed and 

proposed to contribute to overcoming low temperature during the winter season. 

Cell cycle control at the SAM is essential for successful plant morphogenesis. Cell division comprises 

four steps, G1-phase (checkpoint for DNA synthesis), S-phase where DNA is duplicated, G2-phase 

(checkpoint for mitosis), and mitosis where chromatin and cellular component divided into two 

daughter cells (Inzé and De Veylder, 2006). Nuclear DNA content is changed at a certain cell cycle 

phase, and the proportion of cells at that phase can be used as a measure of mitotic activities (Sandoval 

et al., 2003). If ‘C’ is DNA content of an unreplicated haploid chromosome, then diploid cells at G1/S 

phase will have 2C DNA, which is then doubled to 4C DNA after DNA replication in the S-phase 

(Swift, 1950). One technique to measure nuclear content is an indirect measurement of stained DNA, 
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such as used in flow cytometry (van Dilla et al., 1969). Nuclei are prepared as a suspension, stained 

with a fluorescent dye specific for DNA, and light emission from DNA-bound dye is quantified 

(Swift, 1950; van Dilla et al., 1969; Shapiro, 2005). The method was first extensively used in 

biomedical research and soon adopted in plants after the development of the razor blade chopping 

method by Galbraith et al. (1983). In the study of seeds, nuclear DNA content has been used as a tool 

to investigate the germination progression (Pawłowski et al., 2004; Sliwinska et al., 2009), seed 

quality (Sliwinska, 2003 and 2009 and reference therein), and endoreduplication (Kudo and Kimura, 

2001; Rewers et al., 2009; Rewers and Sliwinska, 2012). Endoreduplication is a variant of G1-S-G2-

M cell cycle in which DNA duplication is not followed with cell division (Orr-Weaver, 2015). During 

seed germination, an 8C and 16C DNA are often detected as the results of endoreduplication at 

hypocotyl-radicle transition zone (Jakoby and Schnittger, 2004; Sliwinska et al., 2009). To date, only 

a handful of studies reported nuclear changes in perennial buds during growth-dormancy cycle 

(Owens and Molder, 1972; Hopping, 1994; Bergervoet et al., 1999; Velappan et al., 2017). These 

studies showed that during low mitotic activities, the majority of cells had 2C DNA content while the 

proportion of cells with 4C DNA increased as the growth resumed. 

Following replication of genetic materials in the S-phase, DNA is packed into tightly packed 

chromatin, also known as heterochromatin, for mitosis. At the end of mitosis, the nucleolus is formed, 

and chromatin packing is uncoiled and loosened (euchromatin). Under the transmission electron 

microscope (TEM), heterochromatin appears as a dense patch while euchromatin is thin and fibre-

like and difficult to visualise without uranyl acetate and lead citrate staining (Bozzola and Russell, 

1999). Also, an ovoid subnuclear body called nucleolus is usually observed after mitosis (Sirri et al., 

2008; Schwarzacher and Mosgoeller, 2000). The nucleolus is known as the site where ribosome 

biogenesis takes place, and its role as stress sensor has been proposed both in animal and plant cells 

(Ohbayashi and Sugiyama, 2017; Pfister, 2019). Together, the observation of nuclear dynamics 

through the measurement of nuclear DNA content, chromatin packaging, and presence of nucleoli 
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reflects mitotic activities of cells and in turn, can be used to study plant development progression 

including growth-dormancy cycle. 

Another notable ultrastructural study concerning perennial dormancy was morphological changes of 

plasmodesmata, which demonstrated the regulation of cell-to-cell communication at the SAM and 

contribution to dormancy regulation (Rinne et al., 1998; Rinne et al., 2001; Tylewicz et al., 2018). 

Callose is a plant polysaccharide which is temporarily deposited at the cell wall as a response to stress 

or damage. Exposure to short photoperiod induced dormancy in birch (Betula pubescence) buds and 

coincided with the presence of sphincter complexes which block cell-to-cell transport through 

plasmodesmata (Rinne et al., 1998). A combination of ultrastructure observations and 

immunolabelling with anti-callose confirmed the presence of callose deposition at the plasmodesmata 

area during dormancy. Upon exposure to chilling, callose began to disappear as the results of 1,3-

beta-D-glucanase activity (Rinne et al., 2001). 

1.3.4 Epigenetic regulation of growth-dormancy cycle by chromatin structure alteration via 

histone H3 modification 

In the previous section, it was shown that environmental cues are translated into regulation that 

ultimately determines cell fate and the progression of bud development. All genetic information is 

encoded by DNA which is packed into a highly organised structure, namely chromatin inside the cell. 

The organisation of DNA into chromatin creates a barrier for nuclear protein, such as transcription 

factors, from accessing the target DNA site and thus exerts control over gene expression. In this way, 

alteration of chromatin structure potentially influences fundamental plant development programming, 

including dormancy, where precise regulation of gene expression is crucial for completing the life 

cycle. 

The study of epigenetics refers to the change in the chemical or physical properties of the DNA that 

alters gene expression without directly changing the nucleotide code (Grafi and Ohad, 2013). This 

can be achieved by chemically altering the chromatin structure through histone modifications and 
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remodelling. A nucleosome is the building block of chromatin that comprises eight histone protein 

(two each of H2A, H2B, H3, and H4) wrapping around 147 bp of DNA (Kouzarides, 2007). Each 

histone has an exposed N-terminus which is susceptible to modification, for example by methylation, 

acetylation, ubiquitination, or phosphorylation (Pfluger and Wagner, 2007 and reference therein). As 

consequences of histone modifications, chromatin structure is altered, and expression of genes 

associated with the affected histone or DNA site is regulated. In a ‘closed’ heterochromatin state, 

accessibility of transcriptional machinery to the target region is limited compared to the ‘open’ form 

of euchromatin. Thus, transcription initiation is relatively repressed when chromatin is in a 

heterochromatin state. Activation or repression of genes during development will determine the fate, 

identity, and function of cells (Srivastava et al., 2010). For instance, undifferentiated meristematic 

cells transiently repress genes that are required in the differentiation stage, which will then be 

activated when cells are committed for differentiation. On the contrary, genes maintaining 

meristematic identity may be repressed during cellular differentiation. Histone modification is a rapid 

and dynamic process, with various histone modifications taking place simultaneously at any place 

along the genome depend on signalling within the cell (Kouzarides, 2007). 

The Polycomb Group (PcG) and Trithorax Group (TrxG) are chromatin regulatory complexes that 

were first identified in Drosophila melanogaster. The action of these protein groups guides the 

differentiation of the uncommitted fruit fly embryonic cells into various specific tissue by regulating 

gene expression appropriate for determining the cell fate (Schwartz and Pirrotta, 2007). The PcG and 

TrxG activities are known to target histone H3 and methylate conserved lysine residues (Pien and 

Grossniklaus, 2007). The PcG protein group consists of three main complexes, i.e. PRC1, PRC2, and 

PhoRC (Papp and Muller, 2006). The PRC1 and PRC2 are specifically bound to trimethylated lysine 

27 on histone H3 (H3K27me3) while PhoRC selectively binds to histone H3 and H4 tail resulting 

mono- or demethylation of H3K9 and H4K20 (Fischle et al., 2003; Klymenko et al., 2006). Binding 

of PcG protein groups is associated with gene silencing. The TrxG works antagonistically with PcG 

by catalysing trimethylation histone H3 at lysine 4 (H3K4me3) and has been reported to associate 
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with active transcription (Byrd and Shearn, 2003). Chromatin immunoprecipitation (ChIP) has been 

used to study the incidence of histone modifications along the genome and in combination with high-

throughput sequencing (ChIP-seq) allowing identification of DNA site associated with specific 

histone modification (Johnson et al., 2001). 

In the context of perennial growth-dormant cycle, differential regulation of the notable dormancy and 

bud bust regulators, DAM and EBB1 respectively, and its association with histone modification was 

studied using ChIP (Leida et al., 2012; de la Fuente et al., 2015; Saito et al., 2015; Ahn Tuan, 2016). 

In non-dormant buds, DAM genes were found down-regulated in agreement with occupancy of 

H3K27me3 (de la Fuente et al., 2015). Further, rapid enlargement stage in Japanese pear flower buds 

coincides with upregulation of PpEBB and interaction of H3K4me3 at the transcription start site of 

PpEBB (Ahn Tuan et al., 2016). These studies demonstrate the potential of ChIP to elucidate 

epigenetic regulation in perennial dormancy. However, utilisation of ChIP in the plant is still 

challenging. The protocol was first developed with animal cells, and a standard guideline is now 

available (Landt et al., 2012). However, the different nature of plant cell anatomy to animal cells, 

such as the presence of cell wall and vacuole, posed a limitation for direct adaptation of the established 

ChIP protocol used in animal cells (Saleh et al., 2008). Furthermore, to date, it is tricky to develop a 

universal ChIP protocol that works for all type of plant cells and even for plant model such as 

Arabidopsis, ChIP protocol is continuously developed (Saleh et al., 2008; Pien and Grossniklaus, 

2010; Song et al., 2016). 

1.3.5 Conclusion 

The annual vegetative cycle of perennial buds in temperate ecosystems evolved as an essential 

survival strategy in the seasonal environment. It has been viewed as a process that is orchestrated by 

photoperiod and temperature as seasonally reliable cues. In brief, after bud maturation, growth 

cessation and the establishment of dormancy are typically induced by photoperiod changes following 

the summer solstice and succeeded by a gradual increase of cold acclimation and freezing tolerance. 

Thereafter, the buds exposure to low temperatures enables de-acclimation and release from 
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dormancy. A number of studies in perennials have identified the main regulators of dormancy that 

are well-suited with dormancy modulation by photoperiod, i.e. FT/CO and CENL1/TFL1 and chilling, 

i.e. DAM6 and EBB1. In cultivated grapevine (V. vinifera) however, these relationships are not clear. 

The pronounced and transient dormancy patterns during summer and autumn have been 

demonstrated, well before environmental chilling is incident. With this preface, I conclude that further 

study of the relationship between the physiological behaviour of dormancy in grapevine is required. 

In particular, there is a notable absence of data from contemporary studies on the genetic regulation 

of dormancy in the summer and autumn period. In order to advance this area, this thesis sought to 

explore aspects of nuclear control, including cell cycle, gene expression and epigenetic regulation by 

histone modifications. Holistic knowledge of how seasonal changes determine the developmental 

pattern of grapevine buds by adjusting its physiological, cellular, and molecular regulation will help 

to develop an effective management technique to increase yield and productivity of grapevine fruit. 
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2. An evaluation of nuclei preparation and flow cytometry analysis in 

the axillary bud of Vitis vinifera cv. Cabernet Sauvignon for cell cycle 

analysis 

Preface 

This chapter has been prepared as a manuscript for publication but has not been formatted in any 

particular journal style. This study tested a general acceptance that cells in dormant meristem are 

arrested at G1 phase and resumption of growth is accompanied by cell cycle activity. Therefore, the 

experiments of this chapter were designed to observed cell cycle activities through measurement of 

the mitotic index and ultrastructure observation at the shoot apical meristem area. The experimental 

design was generated through discussion with Dr. Michael Considine, Dr Andrea Holmes, Dr. Peta 

Clode, and E/Prof. John Considine for flow cytometry and microscopy analysis. I planned, performed 

all the experiment, analysed the data, prepared all the figures, and drafted the manuscript under the 

guidance of my supervisor Dr. Michael Considine. 
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Abstract 

Evaluating the role and regulation of the cell cycle during dormancy of multicellular organisms is 

problematic. In this experiment, we develop an optimised method to investigate cell cycle status of 

dormant grapevine buds by measuring mitotic index. The experimental material showed a dynamic 

range in the depth of dormancy, declining from 200 days in March to less than 60 days in May and 

30 days in August, measured as the time to reach 50 % bud burst in forcing conditions. Despite this, 

flow cytometry analysis showed the majority of nuclei isolated from these buds were arrested at the 

G1 phase. Ultrastructure analysis of the cells in the region of the shoot apical meristem confirmed 

that the mitotic activities of buds remained low at all time points, indicated by the development of 

starch grains and the relative absence of organelle development. A considerable amount of debris was 

present in the nuclei preparations, which potentially interfered with the fluorescent signal of 

propidium iodide. Examination of nuclei suspension using epiluminescence microscopy confirmed 

the presence of debris-coated nuclei in the nuclear preparations. In principle, mitotic index analysis 

using flow cytometry measures DNA content of propidium iodide (PI) stained nuclei. Hence, 

interference with PI intercalation or fluorescence by inhibitor presence in the studied cells will lead 

to inaccurate estimation of DNA content. Here, we prepared a simultaneously processed (co-chopped) 

nuclear suspension from grapevine buds and tomato leaves and used it as an internal control for testing 

the presence of the inhibitory compound and calibrate the flow cytometry instrument to obtain a more 

reliable DNA content/ mitotic index data. A systematic in silico (gating) extraction strategy was then 

applied to further clean the data from debris and debris-coated nuclei which improved the coefficient 

of variance of the data providing a more accurate estimation of the proportion of cell at each cell 

cycle phase. 

  



39 

 

2.1 Introduction 

Plant growth and development results from a combination of cell division and cell expansion. The 

meristems are the origin of cell division, supplying naïve cells that differentiate in files through 

further divisions to establish various plant tissues. Nevertheless, meristematic activity is 

discontinuous, particularly in organs that undergo a dormant phase such as seed of certain species 

and the proleptic buds of many temperate perennial plants. In such organs, tight regulation between 

active growth and arrest is a crucial survival strategy, protecting the meristem from unfavourable 

seasonal conditions (Anderson et al., 2010). Several studies have implicated the regulation of cell 

division through cell cycle machinery complexes, i.e. the cyclins (CYCs) and cyclin-dependent kinase 

(CDKs), during seed germination and dormancy transition in perennial buds (Hansen et al., 1999; 

Barrôco et al., 2005; Horvath et al., 2003; Cembrowska-Lech and Kepczynski 2016; Saito et al., 

2015). However, few studies have demonstrated discrete regulation at a physiological level especially 

in perennial buds (Owens and Molder, 1973; Velappan et al., 2017 Table 1). The DNA content (size) 

is different at each phase of the cell cycle due to DNA replication process. Therefore, mitotic activity 

can be investigated by measuring the nuclear DNA content of the cell. Microscopy and 

microspectrophotometry with Feulgen staining techniques were widely used to estimate genome size 

(DNA content) of plant nuclei (McLeish and Sunderland, 1962; Price, 1988). Although the Feulgen 

microdensitometry is a reliable and accurate tool for measuring DNA content, sample preparation is 

laborious, data acquisition is slow, and the DNA content data are usually generated by averaging a 

very limited number of nuclei (Michaelson et al., 1991). Flow cytometry has been increasingly used 

as an alternative, able to provide a rapid automated analysis of a large number of nuclei and generate 

a more robust measurement of DNA content in plant nuclei (Galbraith et al., 1983; Michaelson et al., 

1991; Doležel et al., 2007; Loureiro and Castro, 2015). 

Flow cytometry (FCM) in combination with DNA staining may be used for the estimation of genome 

size, determination of ploidy, and analysis of cell cycle (Doležel et al., 2007). In principle, a nuclei 

suspension is stained with a DNA-specific fluorescent dye and passed through a fluidic stream to 
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create a single file of nuclei, which allows individual analysis of the nuclei. The excitation of the 

fluorophore by the light source results in light scattering, which is collected via optics and directed 

through a series of filters and dichroic mirrors, detected by photomultiplier tubes and digitised, 

providing quantitative data that can reveal physical properties of the fluorescing object (Picot et al., 

2012). However, interpretation of these data requires a robust understanding of the composition of 

the suspension, particularly in tissues that are recalcitrant for the isolation of nuclei or have 

contamination with autofluorescent compounds. The establishment of the razor chopping method of 

plant tissue in nuclei isolation buffer to release nuclei into suspension provides a rapid and convenient 

approach to evaluate the precision and accuracy of flow cytometry data from plant cells. This 

technique enables sources of error to be resolved, for example irregular shape or size, and is less time-

consuming than the preparation of protoplasts (Galbraith et al. 1983). Despite the convenient and 

universal application of the razor chopping method for preparing nuclei suspensions, to date, there 

are no single nuclei isolation buffer that successfully resolves nuclei from all plant tissues. In addition, 

fluorescing debris may still prevail within nuclei suspensions prepared from plant tissues, thus 

requiring careful analysis and interpretation. For example, the presence of debris in the nuclei 

suspension and accessibility of DNA-specific dye can be judged by analysing histograms of relative 

fluorescence signal while the coefficient of variation (CV) value of the histogram peaks reflects the 

precision of FCM data. Fluorescence and light scatter data collected by the FCM instrument enable 

an in silico (gating) extraction of pure and intact nuclei and can be used to increase the accuracy of 

analysis using FCM (Doležel et al., 2007). Further, an epifluorescence microscope can then be used 

to examine nuclear integrity by observed the appearance of debris-free versus debris-contaminated 

nuclei (Marie and Brown, 1993). 

In this study, we have evaluated the status of cell division in the primary bud complex of grapevine, 

comparing stages of dormancy over two consecutive seasons. We evaluated the nuclear preparations 

in order to properly interpret the flow cytometry data, using nuclear preparations of tomato leaves as 
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an internal standard. We also made observations of the cellular ultrastructure at the shoot apices in 

intact buds differing in the depth of dormancy. 

2.2 Materials and Methods 

Unless otherwise stated, all chemicals were of analytical grade from Sigma-Aldrich (Castle Hill, 

Australia). 

2.2.1 Plant material 

Buds of grapevine (Vitis vinifera cv. Cabernet Sauvignon) were harvested from c. 100 vines within a 

commercial cane-pruned vineyard in the temperate/Mediterranean region of Margaret River, Western 

Australia (34 °S, 115 °E) on six dates, from early autumn to mid-winter of 2017 and 2018; i.e. 5th 

March 2017, 16th May 2017, 8th August 2017, 5th March 2018, 13th May 2018, and 4th August 2018. 

These dates were chosen as preliminary data showed a six-fold range in the depth of dormancy, 

measured as the time for 50 % of buds to burst (BB50) to the stage when a green leaf tip become 

visible or EL4 of the modified Eichorn-Lorenz scale (Coombe, 2004) under forcing conditions (20 °C 

with a 12 hours photoperiod). Canes were cut from the vines within two hours from sunrise and 

trimmed to five nodes from the 4th to the 8th node (1st clear node should be ≥ 10 mm from the base of 

the branch). The canes were wrapped in damp newsprint and immediately transported to the lab in an 

insulated box and stored at 22 °C for up to 24 hours. The canes were cut into short single node cuttings 

of 50-70 mm length, retaining 5-10 mm above the node, as previously described in Meitha et al. 

(2015). Treatment with hydrogen cyanamide (H2CN2; Sigma-Aldrich #187364) was done by 

submerging the node into 1.25 % (w/v) H2CN2 for 30 seconds. Control buds were treated in the same 

manner with water (W). The cuttings were then stored in the dark for 24 hours before processing and 

subsequent analysis. Tomato (Lycopersicum esculentum cv. Money Maker) seeds were germinated 

and grown in vermiculite. Seedlings were watered daily and maintained at 22 °C under cool white 

LED light and 12 hours photoperiods.  
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For flow cytometry analysis using tomato leaves, newly emerged young leaves of size no more than 

10 mm were harvested from seedlings. Flow cytometry using buds was performed in three biological 

replicates in which ten buds were pooled in each biological replicate. Two canes from two 

independent vines with 5 buds each were used to make a pool of ten primary buds for one replicate. 

The single bud is the biological unit of interest but considering that nuclei represent minority 

population within the nuclei suspension, therefore in this experiment, it was necessary to pool the 

buds to obtain sufficient amount of nuclei for flow cytometry analysis. 

2.2.2 Depth of dormancy assessment 

Fifty single node cuttings per treatment were used to measure the depth of dormancy at each harvest 

time. The single node cuttings were planted in potting mix (fine composted pine bark, coco peat and 

brown river sand in the ratio of 2.5:1:1.5 (w/w) pH~6.0), in a well-drained seedling tray. Cuttings 

were grown in a controlled environment room at 20 °C, 12 hours photoperiod (450 µmol.m-2.s-1 

Photosynthetically Active Radiation from Eye Hortilux 1000-Watt lamps, Ohio, USA). Trays were 

watered every 2 days to 80 % field capacity. Date of bud burst (EL4) was recorded every day for up 

to 300 days. Non-burst buds were dissected at the end of the assessment period to observe the viability 

of buds. 

2.2.3 Flow cytometry preparation and analysis 

Isolated nuclei of primary buds and young tomato leaves were analysed using by cytometry. Primary 

buds were manually dissected under a dissecting microscope, carefully removing the secondary and 

tertiary buds, and woolly-hairs as much as possible. A total of ten primary buds (± 100 mg) per 

replicate were collected into a plastic petri dish (diameter, 100 mm) and placed on ice. The samples 

were individually chopped using a sharp razor blade in 1 mL cold nuclear isolation buffer (NIB; 

10 mM MgSO4.7H2O, 50 mM KCl, 5 mM HEPES, and 1 mg.mL-1 DTT, 0.5 % Triton X-100, and 

3 % PVP-40 (w/v)) on ice until of powdered consistency. The homogenate was transferred to into 

2 mL cold NIB within a 50 mL conical polypropylene centrifuge tube, then incubated for one hour 

on ice. After incubation, samples were passed through a 100 µm and then a 41 µm nylon mesh filter 
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(Millipore, Germany), and the filtrate was transferred into 2 mL microcentrifuge tube. The crude 

nuclei were centrifuged at 450 g for 8 minutes at 4 °C, the supernatant was discarded, and the pellet 

containing nuclei was resuspended in fresh 1 mL NIB. RNA was digested by the addition of 

50 µg.mL-1 of RNase A (Thermo Scientific, Australia, EN0531) followed by incubation at room 

temperature for 6 minutes. After RNase treatment, a final concentration of 20 µg.mL-1 propidium 

iodide (PI; Sigma-Aldrich #P4170) was added into the nuclei suspension. Tomato was chosen as an 

internal standard to calibrate the flow cytometry instrument because it is considered to be an 

appropriate internal standard for plant tissue (biologically similar) according to a plant DNA flow 

cytometry database (FLOWER, https://botany.natur.cuni.cz/flower/; Loureiro et al., 2007). Tomato 

has a close but non-overlapping genome size in relation to grapevine, and was readily available 

(Loureiro et al., 2007). A mixed sample was prepared by co-chopping 50 mg of buds (prepared by 

dissection as described above) with 25 mg of tomato leaves. The nuclei suspension without the 

addition of PI served as the negative control. 

The nuclear DNA content was measured using a BD FACSCanto™ II (BD Biosciences, San Jose, 

CA) flow cytometer equipped with an air-cooled 488-nm solid state 20 mW laser. Calibration of the 

instrument was performed according to the manufacturer’s instructions prior to use each day. 

Propidium iodide was excited using blue laser light (488 nm) and the fluorescent signal was collected 

through a 556-dichroic long-pass filter and a 585/42 nm band-pass filter. Nuclei suspensions were 

analysed in a single tube acquisition mode at low speed. Data acquisition was performed using the 

BD FACSDIVA™ software (BD Biosciences) by creating gates to select nuclei and exclude doublets. 

A biparametric plot of PI-DNA fluorescence versus forward scatter (PI_DNA vs FSC) was used to 

extract PI positive events from background noise. DNA content is proportional to the PI fluorescence 

signal and DNA content was expressed as arbitrary C value whereby 1C is the DNA content for a 

haploid chromosome (Greilhuber et al., 2007). The PI-stained nuclei signal was extracted from the 

weakly fluorescing debris using the uniparametric plot of PI_DNA by creating a gate around the 2C 

and 4C peaks (cells at G1 and G2 phase respectively). The linearity of the fluorescence signal was 

https://botany.natur.cuni.cz/flower/
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checked at the beginning of the day as part of instrument routine maintenance. The photomultiplier 

tube (PMT) voltage was adjusted to position the G1 peak at channel 50 and this setting was kept 

constant throughout the analysis. Up to 15,000 single PI positive signals were collected per biological 

replicate. The proportion of cells at each phase of cell cycle and coefficient of variance (CV) were 

estimated using the Watson pragmatic algorithm in FlowJo V10 (Tree Star Inc., Ashland, OR) flow 

cytometry analysis software. Quality of the histogram and nuclei preparation procedure were 

evaluated by the CV value, background debris factor (DF), and percentage of intact nuclei. CV value 

was generated from the Watson pragmatic algorithm (Watson et al., 1987). DF was calculated 

according to Loureiro et al. (2006a) as follows: 

𝐷𝐹 =  
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝐼 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 − 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑎𝑐𝑡 𝑛𝑢𝑐𝑙𝑒𝑖

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝐼 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
 × 100 

2.2.4 Epiluminescence microscope examination 

The quality of nuclei prepared for FCM analysis was also observed using an Axioscope optical 

microscope (Zeiss, Oberkochen, Germany) equipped with PLAN-NEOFLUAR objectives, UV or 

blue epi-illumination and differential interference contrast filters. Digital photographs were taken 

using an Axiocam digital camera (Zeiss). 

2.2.5 Ultrastructure observation of the primary buds 

Sample preparation and observation using transmission electron microscopy (TEM) were performed 

at the Centre for Microscopy, Characterisation, and Analysis (CMCA), University of Western 

Australia. Following the treatment with H2CN2 or water, as described in section 2.2.1, buds were 

excised from the canes then immersed in 1.6 % formaldehyde and 2.5 % glutaraldehyde in phosphate 

buffered saline (PBS) pH 7.4 solution. Infiltration of the fixative solution was done by applying 2500 

mmHg vacuum cycle for 15 minutes (5 min vacuum/release/mixing) at room temperature followed 

by incubation at room temperature for 24 hours (without vacuum) using a PELCO® vacuum system 

fitted in the PELCO Biowave® microwave. Infiltrated buds were kept at 4 °C until used. Prior to 

post-fixation with osmium tetraoxide, fixed buds were further dissected for removal of secondary and 
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tertiary buds, buds scales and trichomes (Figure S1). Post-fixation, dehydration, resin infiltration and 

sample embedding were performed as described by Clode (2015; Supplementary File S1). The 

microscopic study was done on median longitudinal sections (transversal relative to the cane, Figure 

S1) of the zone of the shoot apical meristem of the buds. Semi-thin sections at 1 µm were prepared 

using the resin-embedded buds using a glass knife on an EM UC6 ultramicrotome (Leica 

Microsystems GmbH, Wetzlar, Germany). Sections were mounted on glass slides, stained with 

toluidine blue (pH 9; 0.5 % toluidine blue in 1 % borax) and observed under a bright-field microscope 

for general morphology. Bright-field images were acquired using an Axioskop optical microscope 

(Zeiss) fitted with an Axiocam digital camera (Zeiss). Ultrathin sections at 100 nm were prepared 

using a 45° Histo diamond knife (Diatome, PA, USA) on an EM UC6 ultramicrotome (Leica 

Microsystems GmbH). Sections were mounted into unfilmed 75-mesh copper grids (ProSciTech, 

Australia) and imaged unstained at 120 kV in JEM-2100 LaB6 TEM (JEOL, Tokyo, Japan). Images 

were acquired on an ORIUS SC1000 digital camera (Gatan, Pleasanton, CA, USA). 

2.3 Results 

2.3.1 Depth of dormancy 

Variation in the time required to achieve 50 % budburst among grapevine cultivars is evident in the 

literature. The most pronounced was reported in cv. Merlot grown in Bordeaux, France (44 °N) 

required more than 100 days to achieve 50 % budburst when buds were considered in peak dormancy 

(Pouget, 1963). Meanwhile, the same cultivar grown in the Margaret River area, Western Australia 

(34 °S) required more than 200 days to attain 50 % budburst at peak dormancy stage (Velappan, 

2019). In this experiment, using cv. Cabernet Sauvignon, measurement to 50 % budburst was 

conducted up to 300 days. Figure 1 shows the depth of dormancy of buds collected at the three time 

points in 2017 (March 5th, May 16th, August 8th) and 2018 (March 5th, May 13th, August 4th). Peak 

dormancy was observed in the March samples when water-treated buds only achieved 24 % bud burst 

within the 300 days observation period in 2017. The remaining 76 % of the water-treated March buds 

were necrotic. Although our data could not determine whether these buds were necrotic at the time 
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of sampling or became necrotic over the forcing period, the high degree of viability of other samples 

collected at the same vineyard, including the H2CN2-treated buds of the same sample date, suggests 

the latter (Table 2.1). The H2CN2-treated buds from March achieved 50 % bud burst (BB50) within 

49 days, and 90 % of buds burst within 300 days. In the May samples, water-treated buds reached 

BB50 within 46 days and H2CN2-treated buds within 18 days. The shortest duration to achieve BB50 

was observed in the water- and H2CN2-treated buds collected in August, with 21 and 24 days 

respectively. The dormancy analysis in 2018, was consistent with 2017 data (Figure 2.1 and 

Table 2.1). 

 

Figure 2.1. The time to 50 % bud burst (BB50) of Vitis vinifera cv. Cabernet Sauvignon collected from the 

Margaret River region in southwest Western Australia (34 °S, 115 °E) in March, May, and August in 2017 (A) 

and 2018 (B). Days to 50 % bud burst of grapevine buds treated with water (blue) and H2CN2 1.25 % (w/v; 

black) is presented. 

2.3.2 Cell cycle profile of dormant buds 

The proportion of cells in each cell cycle phase was estimated from the univariate PI_DNA histogram 

using the Watson pragmatic algorithm (Watson et al., 1987). Results show that the majority of cells 

were in the G1 phase of the cell cycle in both years, although there were marginal differences in the 

magnitude between years (Table 2.2). There was no significant effect of H2CN2 on the mitotic index 

within the 24 hours of treatment in either 2017 or 2018 (Figure 2.2). The mitotic index declined 
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significantly from March to May and to August in 2017, and while the trend was consistent in 2018, 

the differences were not significant. The CV value of the cytometric data and debris level in the nuclei 

suspension ranged from 10 to 14 % and 59 % to 79 % respectively (Table 2.2). 

Table 2.1. The number of buds growing into shoot under force growth condition when collected in March, 

May, and August in 2017 and 2018 and treated with water (W) or hydrogen cyanamide (H2CN2). 

Harvest Date 
Days to 50 % bud burst % Bud burst 

W H2CN2 W H2CN2 

March 5, 2017 365* 49 24 90 

May 16, 2017 46 18 84 100 

August 8, 2017 21 24 96 74 

March 5, 2018 286** 27 32 86 

May 13, 2018 57 20 96 96 

August 4, 2018 24 19 100 100 

* 24 % bud burst after 150 days and the remaining buds found to be necrotic after 365 days. 

** 32 % bud burst after 175 days and the remaining buds found to be necrotic after 286 days. 

 

Figure 2.2. Mitotic index (G2/G1) of nuclei isolated from the primary bud of grapevine buds at each treatment 

and time in 2017 (A) and 2018 (B). Different letters indicate significant differences against the respect to the 

March-Water condition using a Tukey comparison (n = 3, p < 0.05). Trends were consistent between years 

but no significant differences were observed between conditions in 2018. 
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Table 2.2. The proportion of cells in dormant grapevine buds collected in 2017 and 2018 at each cell cycle phase. Treatment was done by submerging buds for 30 

seconds in 1.25 % (w/v) hydrogen cyanamide (H2CN2) solution and water (W). 

Harvest Date Treatment  G1 S G2 Mitotic index CV Debris Factor 

March 5, 2017 Water  43.30 ± 6.551 a 14.31 ± 5.369 ab 39.33 ± 1.124 c 0.92 ± 0.109 c 12.87 ± 1.531 ab 0.64 ± 0.006 a 

March 5, 2017 H2CN2 38.63 ± 5.273a 23.47 ± 7.257 b 31.80 ± 4.204 b 0.82 ± 0.042 c 10.25 ± 2.120 a 0.59 ± 0.028 a 

May 16, 2017 Water 61.74 ± 5.508 b 9.20 ± 5.196 a 29.08 ± 1.199 b 0.47 ± 0.051 b 14.24 ± 1.647 b 0.61 ± 0.021 a 

August 8, 2017 Water 65.27 ± 3.453 b 14.21 ± 4.415 ab 20.30 ± 2.291 a 0.31 ± 0.033 a 11.93 ± 1.801 ab 0.63 ± 0.023 a 

March 5, 2018 Water  62.37 ± 3.400 a 14.60 ± 1.997 a 22.33 ± 5.254 a 0.36 ± 0.105 a 11.10 ± 0.624 a 0.71 ± 0.018 a 

March 5, 2018 H2CN2 64.50 ± 1.389 ab 13.83 ± 1.893 a 21.03 ± 1.762 a 0.33 ± 0.030 a 11.40 ± 0.557 a 0.74 ± 0.014 a 

May 13, 2018 Water 70.50 ± 2.109 b 9.71 ± 1.839 a 18.57 ± 1.245 a 0.26 ± 0.021 a 12.15 ± 0.640 a 0.72 ± 0.013 a 

August 4, 2018 Water 72.77 ± 2.501 b 10.68 ± 2.376 a 16.57 ± 2.376 a 0.23 ± 0.026 a 12.13 ± 1.474 a 0.79 ± 0.027 a 

Note: G1, S, G2, CV, and debris factor are shown in percent and mitotic index are shown as the ratio of G2 over G1. Means followed by different letters indicate 

significant differences at p < 0.05 according to a Tukey multiple comparison test (n=3). 
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2.3.3 Evaluation of nuclei preparation and flow cytometry procedures 

Due to the high level of background debris in all grapevine nuclei suspensions, a systematic 

evaluation of the nuclei preparations and flow cytometry analysis was conducted. For simplification, 

the term dot plot will be used for the biparametric plot and histogram for the uniparametric histogram. 

Young tomato leaves were used as an exemplar tissue to investigate the instrument settings. 

Figure 2.3 illustrates representative histogram distributions of nuclei prepared from tomato and a mix 

of tomato leaves and grapevine buds. Two peaks of the tomato nuclei separated well and were 

identified as G1 and G2 peaks (Figure 2.3A). The PI_DNA PMT voltage was adjusted to position 

the G1 peak at channel 100K. A mixed suspension of tomato and grapevine nuclei from a co-chopped 

sample was then run with this instrument setting. Three major peaks were observed (Figure 2.3B). 

The peak located at around channel 100K was identified as tomato G1 peak and the peak located 

between channel 50K and 100K was identified as the grapevine G1 peak. The third peak, located at 

a voltage channel less than 50K was identified as weakly fluorescing debris, as these objects did not 

correlate with the PI_DNA fluorescence channel. This is illustrated in Figure 3C, where the sensitivity 

of PI_DNA PMT was increased by increasing the voltage, and yet the debris remained in the same 

fluorescence channel (Figure 2.3C, arrows). Although debris was observed in the co-chopped 

sample, originating from the grapevine nuclei suspension, the position of tomato G1 peak was 

unchanged (Figure 2.3A-B, arrow heads). 

Further evaluation showed that despite the same nuclei preparation, the tomato and grape nuclei gave 

quite different flow cytometric profiles. Two well-separated separated nuclei populations were 

observed in the tomato dot plot of the forward scatter area versus the PI_DNA fluorescence area 

(FSC-A vs PI_DNA-A), which resulted in two separated peaks in the histogram, representing G1 and 

G2 nuclei (Figure 2.4B-C). This was not the case with grapevine buds, where the nuclei populations 

appeared contiguous with the background debris. As such, the identification of the G1 and G2 peak 

of the grapevine nuclei was only possible through the histogram (Figure 2.4H-I). This result was also 

reflected in the difference in the CV value (Figure 2.4E, K), with grapevine buds having a higher G1 
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peak CV of 13 % compared to tomato, i.e. 4 % (Table 2.3). Visualization of the PI-stained nuclei 

using an SSC-A vs PI_DNA-A dot plot showed the difference between the optical complexity profiles 

of the nuclei suspensions. It was found that nuclei prepared from grapevine buds were more optically 

complex compared to nuclei prepared from tomato leaves, indicated by the wider range of the SSC-

A value of grapevine compared to tomato (Figure 2.4D, J). The optical complexity observation in 

the co-chopped sample also showed a similar pattern (Figure 2.5). 

 

Figure 2.3. Flow cytometry instrument setting and identification of grapevine buds nuclei peak, using tomato 

nuclei as an internal standard. (A) A uniparametric distribution of PI-stained tomato nuclei suspension with 

G1 peak adjusted to be in the channel 100K. (B) A uniparametric distribution of PI-stained mixed nuclei 

suspension sample showing G1 peak of grapevine buds and tomato nuclei with the same instrument settings 

as (A). (C) Increasing sensitivity of the PI_DNA PMT voltage resulted in shifting the G1 peaks of the grapevine 

and tomato nuclei to a higher PI_DNA fluorescence channel, while debris particles remained located in the 

same channel (arrows). 

Table 2.3. Assessment of the quality of nuclei suspension prepared from grapevine buds and young tomato 

leaves. Nuclei quality is represented by the coefficient of variance (CV) of G1 and G2 peak of propidium iodide 

(PI) histogram generated by FlowJo software. 

Tissue CV-G1 CV-G2 Debris factor 

Grapevine buds 12.98 ± 2.364 b 13.11 ± 2.357 b 62.86 ± 5.928 b 

Tomato leaves 4.42 ± 0.820 a 4.47 ± 0.808 a 32.27 ± 5.752 a 

All values are shown in percent. Means followed by different letters indicate significant differences at p < 0.05 

according to a Tukey multiple comparison test (n = 4). 
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Figure 2.4. Flow cytometric data processing illustrated using nuclei suspension prepared from tomato (A-F) and grapevine buds (G-L).  PI positive events were 

extracted by creating a rectangular gate in the FSC-A vs PI_DNA-A dot plot (B, H). The ‘PI positive’ gate was positioned so that it excluded the background noise 

observed in the unstained sample (A, G). Weakly fluorescing debris at lower PI_DNA channel was excluded by creating a gate between the PI-stained nuclei 

population (C, I). Debris-coated nuclei were excluded by plotting the ‘PI-stained nuclei’ into the FCS-A vs SSC-A dot plot and created a polygonal gate around the 

intact nuclei population (D, J). Plotting intact nuclei into FCS-A vs FSC-H dot plot to check for doublet nuclei (E, K). Apply gating if needed. The proportion of nuclei 

in G1 and G2 phase was modelled using a Watson pragmatic algorithm (Watson et al., 1987) from the intact nuclei population (F, L). 
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Figure 2.5. Nuclei complexity analysis. (A) PI stained events of a mixed nuclei suspension sample of grapevine 

bud and tomato leaf. (B) Optical complexity of tomato and grapevine buds nuclei from the gated PI nuclei 

events in A. 

Microscopy observation was then carried out to inspect the morphology of the nuclei and debris 

particles in the nuclei suspension prepared from grapevine buds. An over-exposed fluorescence 

examination confirmed numerous unknown particles with a weak fluorescence signal (Figure 2.6D) 

found in nuclei suspension prepared from grapevine, but comparatively absent from the nuclei 

suspension of tomato (Figure 2.6A). An aggregate of this unknown particle was found to be attached 

to the nuclei and interfering the fluorescence signal (Figure 2.6D). Examination of the nuclei at a 

higher magnification of 400X showed an irregular shape of the grapevine nuclei (Figure 2.6E-F), 

compared to the round/elliptical shape of tomato nuclei (Figure 2.6B-C). 

Several dyes were used to investigate the debris of the grapevine nuclei suspension histologically, in 

an attempt to identify contaminants which may be interfering with the binding of PI to the DNA. The 

most apparent features in the nuclei suspension of grapevine were needle-shaped crystals 

(Figure 2.7C-D). Abundant filament-like particles were also found in the grapevine nuclei 

suspension, and a bright greenish yellow fluorescence signal from Auramine O staining suggested 

that this particle was cuticle fragments (Figure 2.7E-H). The inner surface of this cuticle particle 

tends to be acidic which is responsible for the blue staining with toluidine blue. In addition, the 

presence of some tannic acid was indicated by a green or deep blue colouration (Figure 2.7A-B). 

Staining with calcofluor white showed an absence of cellulose contamination in the nuclei suspension 

(Figure 2.7I-L).
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Figure 2.6. Micrographs of tomato leaf and grapevine bud nuclei suspensions under light and epiluminescence microscope. A fluorescence image of debris-free 

nuclei (n) prepared from young tomato leaves (A). Higher magnification of a single nucleus of tomato by fluorescence (B) and bright-field (C) illumination. Over-

exposed fluorescence image of grapevine buds nuclei suspension showing debris particles with weak fluorescence (up), debris aggregated with nuclei (n+up) and 

debris-free nuclei (n) (D). Higher magnification of a single nucleus of grapevine by fluorescence (E) and bright-field (F) illumination. Bar = 20 µm (A and D), 10 µm (B-

C, E-F). 
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Figure 2.7. Micrograph of tomato leaf (A-B, E-F, I-J) and grapevine bud (C-D, G-H, K-L) nuclei suspensions. Needle-shape crystals were absent in the tomato nuclei 

suspensions (A) and found to be abundant in the grapevine bud suspensions (C). Nuclei from both species were stained purple with toluidine blue (B and D) with 

size range from 3-6 µm. Larger debris with lipid properties was also observed in nuclei suspensions from both species when stained with Auramine O (E-H). Calcofluor 

white was used to examine the presence of cellulose contamination in the nuclei suspensions (I-L). E, G, I, K are bright filed illumination images of F, H, J, and L 

respectively. Bar = 50 µm (A, C), 20 µm (E-L), 5 µm (B,D). 
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2.3.4 Ultrastructure analysis of the grapevine bud shoot apical meristem 

The TEM observations were conducted of the shoot primordia of the primary buds collected in March, 

May, and August in 2017. Semi-thin sections at 1 µm were made to trim resin-embedded buds until 

the area of the shoot primordium was visible (Figure 2.8A). Morphology observations were made at 

two regions of the SAM, i.e. the central zone (CZ) and peripheral zone (PZ) (Figure 2.8B), and the 

leaf primordia (LP) (Figure 2.12A). 

 

Figure 2.8. Median longitudinal section of the vegetative shoot of the Vitis vinifera cv. Cabernet Sauvignon 

primary bud. (A) Light micrograph showing the zone of the shoot apical meristem (SAM) and six leaf 

primordia (LP)/ nodes. Bar = 50 µm. (B) Schematic interpretation of the SAM zonation according to Mullins 

et al. (1992) showing the central zone consisting of a tunica (L1 and L2 cell layers) and corpus, peripheral 

zone (PZ) and rib meristem zone (RZ). Bar = 20 µm. (C) Representative light micrograph of the apical dome 

of SAM and two leaf primordia. Bar = 10 µm. (D) Representative low magnification electron micrograph of 

the apical dome. Bar = 10 µm 

Figures 2.9-2.12 show representative TEM images of the SAM of grapevine buds at each time or 

treatment condition in the tunica (Figure 2.9), PZ (Figure 2.10), RZ (Figure 2.11), and LP 

(Figure 2.12). Starch grains were present in cells throughout the SAM in each time or treatment 
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condition with relative abundance was higher in March and August than May buds. The nucleolus 

and heterochromatin were the most apparent structures in the CZ area. Heterochromatin patches at 

the periphery of the nuclear envelope were clearly visible in the nucleus of buds collected in March 

and treated with hydrogen cyanamide (Figure 2.9A, B). A nucleolus can be identified a densely 

stained spherical structure inside a nucleus. Meanwhile, the euchromatin usually appeared as a thin 

fibre and scattered throughout the nucleoplasm which then began to condense as the cells prepared 

for cell division, appearing as a small densely stained patch of heterochromatin. The cell walls 

throughout the SAM of buds collected in March and August appeared thicker than those collected in 

May. Endoplasmic reticulum was visible in bud’s cells collected in May (black arrow, 

Figure 2.9E, F) and relatively absent in bud collected in March (Figure 2.9C, D) and August 

(Figure 2.9G, H). Numerous osmiophilic organelles were visible (indicate by the asterisk) especially 

in buds collected in August (Figure 2.9G, H), however, no detailed internal membrane structure, e.g. 

grana or cristae, could be observed, making it difficult to identify these organelles. Cells at peripheral 

zone were identified by the presence of tannin deposition. The vacuoles were found larger at rib 

meristem zone and occupied a significant part of the cells (Figure 2.10 and 2.11) in contrast to cells 

at tunica which were largely occupied by the nucleus (Figure 2.9). Ultrastructural details of the 

nucleus were most resolute in the LP area, showing the double membrane of the nuclear envelope 

(red arrow heads), nucleolus, and heterochromatin at the periphery of the nucleus (Figure 2.12B). 

Also visible, the deposition of tannin inside vacuole (Figure 2.12B), starch grain inside a plastid 

(Figure 2.12C), plastoglobulins inside a proplastid (Figure 2.12C), endoplasmic reticulum 

(Figure 2.12C, D; black arrow heads), and the cristae membrane in the mitochondria (Figure 2.12D). 
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Figure 2.9. Electron micrograph at the tunica layers (L1 and L2) at the shoot apical meristem. (A-B) Tunica of 

buds collected in March treated with hydrogen cyanamide. Nuclei (n) with nucleoli (nu) and heterochromatin 

(hc) patches were highlighted at both L1 and L2. Starch grains (s) were visible at L2 and some located inside 

amyloplast (Ap). (C-D) Tunica of buds collected in March treated with water. Large nucleoli (nu) were 

observed inside the nuclei (n) at L1 and L2. Also visible are few heterochromatin (hc) patches, the double 
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membrane of nucleus envelope (red arrowhead), and numerous small vacuoles (v). Thick cell walls (cw) 

appeared at L1 of tunica. Asterisk indicates numerous osmiophilic organelle, presumably proplastid or lipid 

bodies. (E-F) Tunica of buds collected in May treated with water. Endoplasmic reticulum (black arrowhead) 

can be observed. Also, visible nuclei (n), large nucleoli (nu), double membrane of nucleus envelope (red 

arrowhead), heterochromatin (hc) patches, and small vacuoles (v). Numerous osmiophilic organelles are also 

visible (asterisk). (G-H) Numerous osmiophilic organelles (asterisk) and thick cell walls were highlighted in 

the tunica layers of buds collected in August treated with water. 
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Figure 2.10. Transmission electron micrograph at the peripheral zone (PZ) of the shoot apical meristem of 

grapevine buds collected in March (A, treated with hydrogen cyanamide; B, treated with water), May (C), 

and August (D). Tannin depositions were found inside the vacuole of cells at PZ. 
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Figure 2.11. Transmission electron micrograph at the rib meristem zone (RZ) of the shoot apical meristem of 

grapevine buds collected in March (A, treated with hydrogen cyanamide; B, treated with water), May (C), 

and August (D). Cells were relatively larger at RZ compare to PZ mainly due to increase vacuolation. Tannin 

deposition and starch grains can also be found at this zone. 
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Figure 2.12. Transmission electron micrograph of cells at the leaf primordia area of mature dormant buds of 

Vitis vinifera cv. Cabernet Sauvignon revealing cellular ultrastructure of several organelles. (A) Light 

micrograph shoot apex showing the area of observation, i.e. the leaf primordia (red rectangular). (B) 

Representative image of a cell at the leaf primordia area. Visible are nucleus (n), nucleolus (nu), amyloplast 

(Ap), and vacuole (v) with tannin deposition (t). (C-D) Higher magnification images of two areas indicated by 

dashed rectangular in B. Visible organelles are heterochromatin (hc), proplastid (Pp), amyloplast (Ap), 

plastoglobulin inside plastid (Pg), osmiophilic organelles presumably lipid bodies (Lb), mitochondria (m), 

starch grain (s), cell wall (cw). Double membrane nuclear envelope (red arrow heads) and endoplasmic 

reticulum (black arrow heads) are also visible. 
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2.4 Discussion 

2.4.1 Ultrastructure of cells at the shoot apical meristem of dormant buds 

In the study of annual growth cycle of a perennial tree, knowledge about regulation controlling 

establishment and release of bud dormancy is less well understood than the regulation of growth 

cessation and bud set (Singh et al., 2017). Evaluation of dormancy establishment or depth still largely 

rely on bud response under forcing growth condition (bud burst experiment) which is bearing some 

limitation, for example standardization of procedure and data analysis (Dennis, 2003; Alvarez et al., 

2018). Here, we use mitotic index measurement by flow cytometry and morphology observation using 

the TEM as an alternative approach to objectively define dormancy stages in grapevine buds. The 

cellular ultrastructure of SAM region of grapevine buds at all time of sampling showed several 

features in common with the SAM from other plant species at a dormant stage. Cells at the central 

and peripheral zone of SAM were similar to those observed in Salix sp., with the nucleus occupying 

a significant part of the cells, in addition to undeveloped organelles such as proplastid, and relatively 

small in size with dense cytoplasm (Berggren, 1985). In contrast, cells at the rib zone are easily 

identified by the less dense cytoplasm due to increasing vacuolation in the cells and deposition of 

tannin inside the vacuole (Berggren, 1984). Starch grains were found at the quiescence cells at the 

central zone of Heliantus anuus apical meristem but relatively absent in the more active cells at the 

peripheral zone (Sawhney et al., 1981). In contrast, starch grains were observed in both central and 

peripheral zone of grapevine buds at all time points, indicating that these cells were mitotically less 

active at the time of sampling. Felker et al. (1983) reported development of starch grains at the SAM 

of Prunus cerasus following chilling application to the quiescent flower buds, whereas quiescent buds 

without chilling developed more abundant mitochondria and lack of starch grains. We also found 

similar observation in our experiment showing less starch grains were observed in May buds 

(quiescent) compare to August buds (quiescent and accumulate chilling) Interestingly in our data, 

starch grains also appeared relatively abundant in grapevine buds collected in March when the depth 

of dormancy was the highest and chilling was still absent. It is likely that in grapevine buds, the 



63 

 

presence of starch grains indicated two events, i.e. endodormant state and chilling accumulation. 

Further, the disappearance of starch grain that coincided with the development of mitochondria could 

only be observed in the more differentiated cells of leaf primordia (Figure 2.13). 

Numerous osmiophilic materials were observed in buds at all time points during the study, which we 

suggest were either proplastid or lipid bodies. Lipid bodies were commonly found in the shoot apex 

of both evergreen and temperate perennials (Lynch and Rivera, 1981; van der Schoot et al., 2011; 

Paul et al., 2014). In the evergreen angiosperm Rhododendron maximum, lipid bodies were found to 

be osmiophilic and mostly restricted to the periphery of the cells (Lynch and Rivera, 1981). The 

author suggested lipid bodies act as energy reserves to support metabolic activities. Lipid bodies 

found in the shoot apex of Betula pubescens contain and deliver 1,3-β-glucanase to plasmodesmata 

region at the plasma membrane and contribute to the removal of plasmodesmatal plug, restoring 

plasmodesmata function (van der Schoot et al., 2011; Paul et al., 2014). In relation to intercellular 

communication at the SAM region, plasmodesmata morphology was also found to be regulated 

during the dormant and active state in Betula pubescens. A sphincters structure contains with 1,3-β-

D-glucan close the plasmodesmata passage during endodormancy and disappears when the buds 

release from dormancy (Rinne et al., 2001). It was suggested that the state of dormancy in the buds 

was tightly correlated with the regulation of intercellular communications through reversible 

blockage of plasmodesmata as a response to seasonal changes (Rinne and van der Schoot, 2004). 

Further, absent of plasmodesmatal sphincters development in transgenic hybrid aspen (Populus 

tremula × Populus tremuloides Michx.) was associated with a failure to develop dormancy following 

exposure to a short photoperiod, as bud growth readily resumed in long photoperiod conditions 

(Tylewicz et al., 2018). The changes of the cell wall thickness at the SAM, as well as presence of 

starch grain and lipid bodies, was also reported in the SAM of Cunnighamia lanceolata during the 

transition from dormancy to active growth (Xu et al., 2016). In this study, differences in cell wall 

thickness were more pronounced in the tunica; buds collected in March and August had thicker cell 
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walls than those collected in May. Apart from cell wall thickening, we did not find evidence of 

plasmodesmata sphincters and lipid bodies in our study. 

2.4.2 Cell cycle profile during grapevine bud dormancy 

Several studies have reported changes in nuclear DNA content during seed development and show a 

different proportion of cells in each cell cycle phase during seed dormancy/ quiescence. This study 

sought to establish whether we could document parallel changes in nuclear DNA during grapevine 

bud dormancy. In cabbage seed, only 2C nuclei were detected in dry seed, while 4C DNA was only 

detected after radicle emerged (Kudo and Kimura, 2010). Time of seed collection and drying process 

seems to affect the proportion of 2C and 4C DNA in Norway maple seed. The 2C nuclei were 

dominant in seed harvested after natural shedding (mature and dry) while 4C DNA was found to be 

more abundant in mature fresh seed (Finch-Savage et al., 1998; Pawłowski et al., 2004). In the axillary 

buds of Norway maple, dormant buds mainly show 2C nuclear DNA while 4C DNA was clearly 

identified in active buds (Bergervoet et al., 1999). Desiccation is suggested to play an important role 

in the changes of nuclear DNA content during seed development, with a reduction of DNA content 

coincident with seed maturation and desiccation. Sliwinska (2009) report a higher proportion of 2C 

nuclei in seed dried at an early stage of maturation and argue that nuclei with a higher DNA content 

is more sensitive to rapid water loss. Maintaining higher DNA content in the mature dry seed would 

cause problems later on because of sensitivity to damage, and the presence of damaged DNA will 

cost time and energy required for DNA repair prior to DNA replication during seed priming and 

germination. Although indirect, these is an example of mechanism to protect embryo DNA from 

degradation under low water content. 

In this study, buds collected in March, May and August were mature buds and it is interesting that 

the mitotic index does not reflect the depth of dormancy, i.e. the majority of buds have 2C nuclear 

DNA content, or at G1 phase of cell cycle and the proportion of G1 cells keep increasing towards 

dormancy release in May and August. If desiccation were suggested to have the same effect on 

nuclear DNA of grapevine axillary buds, we would expect that buds collected in May were more 
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desiccated that those collected in March, and thus would have more cells with 2C DNA content (G1 

phase). As the degree of desiccation in buds (~40 % H2O) is not as low as in seeds (~10 % H2O), cell 

cycle process in dormant buds may not stop completely but slowly progressed and resulted in 

accumulation of cells arrested in G1 towards August. Despite the convenience of flow cytometry to 

calculate the proportion of cells in different phases of cell cycles, it does not tell the kinetic of the 

process. For instance, an increase in the 4C (or endopolyploidy) nuclear content was mostly reported 

during seed germination process. Compared to bud burst, seeds germination is a relatively quick 

process and changes in the nuclei content can be observed within 24 hours. This may not be the case 

with buds. The earliest bud break in non-treated buds was observed on buds collected in August, i.e. 

3 weeks after single node planting. It was apparent that cell division in the buds did not resume within 

24 hours of treatment, and therefore, the proportion of the nuclei were mostly still at the G1 phase. 

This was even the case with buds treated with hydrogen cyanamide. An earlier study demonstrated a 

moderate increase in the expression of VvCDKA, VvCDKB2 and VvCYCA1, but not VvCYCB or 

VvCYCD3.2 in the dormant buds of grapevine within 48 hours of treatment with cyanamide (Vergara 

et al., 2016). Measuring bud nuclei DNA content at several time point after single nodes planting (e.g. 

every 1 week) may show changes in the proportions of nuclei at a different phase of cell cycle which 

indicate nuclei DNA content dynamics at the onset of bud burst. 

Molecular regulation during dormancy stage is beyond the scope of this chapter, but several studies 

reported changes in the expression level of cell cycle related proteins. Both Pawłowski et al. (2004) 

and Bergervoet et al. (1999) analysed beta-tubulin accumulation analysis on two different embryonic 

organs, i.e. seed and buds respectively. Both studies reported that the proportion of G2 never exceeded 

the proportion of G1, nevertheless, there was an increase of beta-tubulin protein at the onset of 

germination/dormancy release. In seeds, beta tubulin accumulation coincides with the decrease of 4C 

nuclei and increase of 8C nuclei indicating endopolyploidy process instead of mitosis as seeds enter 

germination. In buds, beta tubulin accumulation increased as the proportion of 4C nuclei in active 

buds increasing. Stanzak et al (2019) report accumulation of ABI5 protein (a transcription factor of 
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the ABA signalling pathway) and RGL2 protein (repressor of GA signalling) at the end of seed 

development, i.e. mature dry seed. This suggests accumulation is associated with the completion of 

seed maturation and mainly with desiccation and dormancy acquisition. Investigation of the signalling 

pathway using molecular analysis techniques may provide more depth and insight into the cellular 

regulation in a slow growing organ such as grapevine buds. 

2.4.3 Flow cytometry data assessment 

Woody perennials were known to be recalcitrant for nuclei preparation and flow cytometry analysis 

especially due to the presence of undesirable cytosolic compounds (Loureiro et al., 2007). Noirot et 

al. (2000) note an interaction between the effects of cytosol on DNA-dye binding which also result 

in variation in the nuclear DNA content estimation. Further, it was suggested to use an internal 

standard that exhibits similar sensitivity to DNA-dye accessibility to target nuclei. Tomato was 

chosen as a suitable candidate for grapevine buds nuclear DNA measurement for two reasons: (1) 

tomato genome size is almost twice that of grapevine (Arumuganathan and Earle, 1991; Lodhi and 

Reisch, 1995; and Leal et al., 2006) thus the G1 peak will not overlap and well separated from each 

other; (2) cytosolic compounds were also suggested to be present in tomato nuclei suspension thus 

expected to have a similar DNA dye accessibility (Price et al., 2000). Results shows that the tomato 

tissue we used in this experiment fulfilled the criteria as a good internal standard, i.e. both G1 peak 

of tomato and grapevine buds was clearly separated and the position of tomato PI fluorescence 

channel was not changed in the co-chop sample. The latter suggest DNA dye accessibility remained 

the same after exposure to cytoplasmic content of grapevine buds, and thus suggested it was unlikely 

that the presence of cytosolic compounds from grapevine buds were acting as a barrier for PI binding 

(Price et al., 2000). Nevertheless, the peak attributes of nuclei from these species were different, with 

tomato having a considerably smaller CV value compared to grapevine buds both in individual and 

co-chop samples. This indicated that inhibitors, rather than interfering compounds, were present in 

the suspension of grapevine bud nuclei. 
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In flow cytometry, forward scatter (FSC) is light that scatters in the same direction as laser beam 

(light source) and the value of FSC-A is indicative of the relative size of a particle. The light scattered 

at 90 ° angle relative to the incident beam is referred to side scatter (SSC) and the SSC-A value 

represents the degree of optical complexity of the particle, for example granularity within the sample 

and surface irregularity (Jaroszeski and Radcliff, 1999; Picot et al., 2012). In clinical and medical 

research, the SSC-A value is used to identify and separate components of white blood cells (Ruzicka 

et al., 2001; Tarrant et al., 2005). For example, granulated cells, such as neutrophils and eosinophils, 

tend to have a higher SSC-A because the granule inside the cells scatters more lights than 

lymphocytes, for instance, which is ungranulated. Using the same principle, we use the SSC-A vs 

PI_DNA-A plot to evaluate the optical complexity of PI-stained nuclei gated from PI_DNA-A 

histogram (Figure 2.5). The PI-stained nuclei of grapevine buds showed more variable optical 

complexity compare to the more uniform tomato nuclei. This was indicated by a broader range of 

SSC-A value in grapevine buds nuclei compared to tomato nuclei. A reasonable amount of particle 

with high optical complexity was also observed from FSC-A vs SSC-A plot and we suggest that these 

were nuclei coated with debris (Figure 2.6). The ratio of these high optical complex particle over 

debris-free intact nuclei is the background debris factor percentage presented in Table 2.1. 

Microphotographs of nuclei suspension stained with PI under epiluminescence complement the data 

from flow cytometry analysis. The tomato nuclei suspension showed very low amount of fluorescing 

debris, which resulted in cleaner and more debris-free nuclei, and thus more uniform SSC-A and 

FSC-A values (Figure 2.4D). On the contrary, the grapevine bud nuclei suspensions showed a similar 

profile to the nuclei treated with tannic acid, reported by Loureiro et al. (2006b). A high amount of 

weakly fluorescent debris was found as aggregates of the debris and aggregates that attached to the 

nuclei, which may explain the debris with very high SSC-A value and the variable optical complexity 

of grapevine bud nuclei respectively (Figure 2.4J).  



68 

 

2.5 Conclusion 

With the lack of molecular marker to determine stages of dormancy, i.e. establishment and release, 

understanding the regulation controlling dormancy in woody perennials is challenging. We coupled 

bud burst experiment data with mitotic index and ultrastructural morphology of SAM cells data to 

define the stages of dormancy in grapevine buds. Bud burst experiment showed that peak dormancy 

of grapevine bud cv. Cabernet Sauvignon was observed during summer when less than 50 % buds 

had burst 200 days after incubation in forcing condition. Meanwhile, in autumn, the buds attain 50 % 

buds had burst in 60 days indicating that release from dormancy occurred prior to chilling 

accumulation. Despite the highly dynamic degree of latency on March, May, and August, cell division 

(G2-M transition) remain absent in the buds at all time of observations and the proportion of cells 

arrested at G1 keep accumulating toward winter season. The ultrastructure observation of cells at the 

shoot apical meristem showed an absence of mature organelles at all time of observation and the 

accumulation of starch in March and August buds which associated with dormant and chilling-

accumulated quiescent buds respectively. Our result suggests interesting cellular evidence correspond 

to the growth resumption capacity of grapevine buds, i.e. absent of mitosis activities regardless of 

dormancy depth and starch accumulation irrespective of chilling accumulation. Finally, despite the 

convenient of flow cytometry technique for determining DNA content in plant, several key elements 

must be tested and/or modified to ensure reproducibility of the method and accuracy of the data. We 

demonstrated calibration of sample and instrument using a suitable internal standard and proposed 

data processing pipeline for measuring mitotic index in grapevine buds using flow cytometry. 
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Supplementary Information 

 

Figure S2.1. View of mature compound grapevine buds. The compound consists with one primary latent bud 

which will produced the next season shoot (N+2), and two secondary latent buds (N+31,2) which only grow 

when the primary bud die. Two cutting planes relative to the canes are shown above. (1) Longitudinal section 

in which cutting were made crossing all three buds (2) Transversal section (relative to cane) in which cutting 

made parallel to the two secondary buds. The median longitudinal view of the shoot apical meristem as 

shown in Figure 8A is achieved by making transversal cutting relative to the cane. 
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Supplementary File S1 

Sample preparation and processing for general morphology and ultrastructure of grapevine 

bud using light and transmission electron microscope. 

Materials 

1. Buds of grapevine 

2. Scalpel handle and blade (small #11 blade is preferable, but can use #24 blade as well) 

3. Wooden handle, needle tip 

4. Stereo microscope 

5. Safe-Lock microcentrifuge tube 2 mL tube (Eppendorf® #0030120094)  

6. PBS tablets pH 7.4 (Gibco® #18912014) 

7. Glutaraldehyde 25% (Electron Microscopy Science #16220) 

8. Formaldehyde 16 % (Electron Microscopy Science #15710) 

9. Ultra-Low Viscosity Resin (Polyscience, Inc. #17706-1) 

10. Flat bottom embedding capsule (Electron Microscopy Science #70021)  

11. Microwave vacuum (PELCO BioWave®)  

Method 

Fixative solution: 

1. Make 1X PBS pH 7.4 by adding dissolving 1 PBS tablets in 100 mL miliQ water. 

2. Dilute 10 mL each of 25% Glutaraldehyde and 16% Formaldehyde stock solution in 80 

mL 1X PBS (pH 7.4) from step 1. Final concentration is 2.5% glutaraldehyde and 1.6% 

formaldehyde in 1X PBS (pH 7.4)  

Note: This fixative solution can be stored up to 6 month in 40C. Always bring fixative 

solution to room temperature before use. Glutaraldehyde works best at room 

temperature. 

 

Sample preparation (primary meristem dissection): 

3. Make a parallel cut on both side the buds, parallel to secondary and tertiary buds (see 

Figure S1). 
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Note: this will greatly aid complete fixation and also useful as a cutting place when putting 

sample in the embedding capsule. 

4. Into 1 mL fixative solution in 2 mL tube, put 2 dissected buds. More buds must be put in 

a bigger tube with more fixative solution, i.e 5 buds in 4 mL fixative. Invert the tube to 

wet the buds with fixative. At this point all bud will still be floating on the fixative 

solution. 

5. Place tube (lid OPEN) inside the vacuum chamber and apply vacuum in cycle of 5 min 

vacuum/ release/ mix. Repeat vacuum cycle for at least 3 times and 5 times maximum.  

Note: vaccum pressure use is ±20 inchHg. 

6. Most of the buds should be submerge into to bottom of the tube and some may still 

float on the fixative solution at this point. Leave buds at room temperature without 

vacuum for overnight to continue the infiltration process.  

Notes:  

- Buds that is successfully submerged after vacuum cycle is the best sample for further 

processing, nevertheless, buds that submerged after overnight infiltration will also give good 

results as well. 

- It is not preferable to use buds that is not submerged after O/N infiltration although the 

buds might end up submerged after additional vacuum and infiltration time. 

7. Store buds in fixative solution at 40C until further use. 

8. For electron microscopy analysis, bud must be dissected into smaller size (at least 1 mm 

thickness and not more than 2 mm) by remove the scales carefully until about 3-4 

layers left. Buds must always be covered with fixative solution during dissection. 

9. Continue with tissue processing and embedding following Clode (2015) protocol for 

light and electron microscopy (see table 1). 

 

Reference 

Ruzin, SE. 1999. Plant Microtechnique and microscopy. New York: Oxford University Press, pp.49 

(with modification). 

Li et al. 2014. A Robust chromatin immunoprecipitation protocol for studying transcription factor-

DNA interactions and histone modification in wood-forming tissue. Nature protocol Vol. 9(9), pp. 

2180-2193 (vacuum cycle). 
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Table S1. Procedure for processing and embedding grapevine bud for subsequent light and electron microscopy (Clode, 2015) 

Step  Solution  Procedure  

Rinse PBS 2  10 min 

Postfixation 1% OsO4 in PBS Microwaved 2 min ON/ 2 min OFF/ 2 min ON at 80 W with vacuum 

Rinse  dH2O 2  5 min 

Dehydration 30% ethanol Microwaved 40 s at 240 W with vacuum and maintained under vacuum 1 min afterwards  2 

 50% ethanol Microwaved 40 s at 240 W with vacuum and maintained under vacuum 1 min afterwards  2 

 70% ethanol Microwaved 40 s at 240 W with vacuum and maintained under vacuum 1 min afterwards  2 

 95% ethanol Microwaved 40 s at 240 W with vacuum and maintained under vacuum 1 min afterwards  2 

 100% ethanol Microwaved 40 s at 240 W with vacuum and maintained under vacuum 1 min afterwards  2 

 Anhydrous ethanol Microwaved 40 s at 240 W with vacuum and maintained under vacuum 1 min afterwards  2 

 Anhydrous acetone Microwaved 40 s at 240 W with vacuum and maintained under vacuum 1 min afterwards  2 

Infiltration One part ULVR : five parts anhydrous acetone Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

  Left on sample rotator for 24 h  

  Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

 One part ULVR : three parts anhydrous acetone Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

  Left on sample rotator for 24 h  

  Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

 One part ULVR : one part anhydrous acetone Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

  Left on sample rotator for 24 h  

  Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

 Three parts ULVR : one part anhydrous acetone Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

  Left on sample rotator for 24 h  

  Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

 Five parts ULVR : one part anhydrous acetone Cycled under vacuum for 15 min in microwave (no watts) (4 min vacuum ON/ 1 min vacuum OFF) 

  Left on sample rotator for 24 h  

 100% ULVR Maintained under vacuum for 24 h in vacuum oven 

  Placed in fresh resin, maintained under vacuum for 24 h in vacuum oven 

Embedding  100 % ULVR Section mounted in flat-bottom BEEM capsule and maintained under vacuum for 1 h in vacuum oven 

  Vacuum for 1 h in vacuum oven 

 100 % ULVR Vacuum oven flooded with nitrogen gas  five cycles to produce oxygen-free environment  

  Cured under vacuum in oxygen-free environment at 650C for 12 h 

PBS, phosphate-buffered saline; OsO4, osmium tetroxide (very toxic, to be used at CMCA facility only); dH2O, distilled water; ULVR, ultra low viscosity resin 
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3. Transcriptional state of summer dormant buds of grapevine cv. 

Cabernet Sauvignon 

Preface 

This chapter has been prepared as a manuscript for publication but has not been formatted in any 

particular journal style. The results of Chapter 2 suggest that resumption of cell division activities 

was not detected during dormancy and transition to quiescence state although days to attain 50 % bud 

burst had reduced significantly. Hence, the experiment was designed to examine possible 

transcriptome regulation during dormancy transition from summer through winter. The experimental 

design was developed through regular discussion with my supervisor Dr. Michael Considine. I 

planned and performed all the experiment. Bioinformatic analysis and data interpretation were 

conducted under the supervision of Dr. Patricia Agudelo-Romero and Dr. Tinashe Chabikwa. Dr. 

Patricia Agudelo-Romero performed RNA sequence mapping and provided R script for 

transcriptomic analysis. Dr Tinashe Chabikwa assisted with interpretation of differentially regulated 

transcripts relation to dormancy progression. I also prepared the figures and drafted the manuscript 

under the guidance of my supervisor Dr. Michael Considine. 
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Abstract 

Cultivated grapevine (Vitis vinifera L.) displays wide plasticity to climate. Contradictory data exists 

for the development and release of bud dormancy in response to temperature, which remains poorly 

understood. In this study, we have carried out transcriptome analysis of mature grapevine buds (cv. 

Cabernet Sauvignon) at three key developmental stages, grown in the temperate/Mediterranean 

region of Western Australia (34 °S). The late summer (March) condition, where a pronounced but 

transient peak in dormancy is observed, was compared to autumn (May) and winter (August). An 

additional contrast of March buds treated with hydrogen cyanamide (H2CN2) was used in order to aid 

exploration of the transcriptional state in late summer. Modest changes of transcript expression were 

observed in the natural transition of dormancy with 2288, 3671, and 9106 differentially expressed 

genes (DEGs) identified at 5W-3W, 8W-5W, and 8W-3W pair, in contrast to 14178 DEGs identified 

at 3H-3W pair. Differential regulation of abscisic acid (ABA)-related transcripts were observed 

during the natural transition from the March dormancy condition. Homologues of ABA 8'-

HYDROXYLASE were up-regulated while 9-CIS-EPOXYCAROTENOID DIOXYGENASE, ABA 

RESPONSIVE, and ABA-RESPONSIVE ELEMENT-BINDING were down-regulated consistent with 

previous data on the role of ABA in grapevine bud dormancy. Genes coding for carbohydrate 

metabolism functions were significantly enriched in all transitions, and genes related to this category 

were involved in cell wall residues and sugar metabolism. Maintenance of the dormancy state in May 

(quiescent bud) was accompanied by a reduction of genes belonging to response to stimulus and 

oxidation-reduction functional categories. Meanwhile, H2CN2 induced a pleiotropic response, 

consistent with an increased demand for reducing power to enable detoxification. 
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3.1 Introduction 

Temperate perennial plants develop dormant bud as a strategy to protect the enclosed embryonic 

shoot which bears the subsequent season’s shoot meristems. The term dormancy has been generally 

used to describe an entrained state of repressed quiescence (Considine and Considine, 2016) and the 

inability of a structure containing meristematic cells, such as seed and proleptic bud, to complete 

resumption of growth (Lang et al., 1987; Baskin and Baskin, 2004). Based on the dormancy-imposing 

stimulus, Lang et al. (1987) classified dormancy into (1) paradormancy, when growth is inhibited by 

other organs within the same plant; (2) endodormancy, when the signal for growth cessation is 

entirely originated within the buds itself; and (3) ecodormancy, when growth is limited due to factor 

external the plant such as environmental condition. It is generally accepted that photoperiod 

(Wareing, 1956) and temperature (Chouard, 1960) changes are the environmental cues heralding 

seasonal shifts and regulating the timing of the seasonal growth cycle of temperate perennials. 

According to the contemporary model of dormancy, the transition from para- to endodormancy occurs 

during autumn when the photoperiod is shorter than critical day length (Rinne et al., 2010 and the 

references therein). The role of photoreceptor pigment, such as phytochromes (PHYs), and 

FLOWERING TIME (FT)/CONSTANT (CO) are well characterised as key components of 

photoperiodic control of growth cessation and bud set in poplar (Olsen et al., 1997; Howe et al., 1996; 

Böhlenius et al., 2006). A recent study in hybrid aspen, proposed a model of the seasonal growth 

control of the shoot apex, involving transmission of FT from leaves, where photoperiod change is 

perceived, to shoot apex, where the LIKE-APETALA1 (LAP1) and GA20 oxidase1 expression is 

modulated, suggesting systemic regulation of shoot growth as a response to seasonal changes 

(Miskolczi et al., 2019). The role of abscisic acid (ABA) in perceiving environmental cues has also 

been reported, showing an increase of ABA level under low temperature (Welling and Palva, 2006) 

and short days conditions (Ruttink et al., 2007). However, the role of ABA in mediating growth 

cessation and bud set remains unclear with ABA-insensitive hybrid aspen mutant display normal 

growth cessation under short day condition (Tylewicz et al., 2018). Nevertheless, a photoperiod-
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responsive ABA signal was recently proposed to correlate with plasmodesmata closure in the poplar 

terminal bud, establishing a physical barrier to cell-cell communication, and aids the enforcement of 

dormancy establishment (Tylewicz et al., 2018). Following winter and the accumulation of chilling 

temperatures, a gibberellic acid signals trigger the hydrolysis of plasmodesmata-occluding callose, 

re-establishing symplastic communication and enabling mobile cues such as FT to trigger the 

resumption of growth (Rinne et al., 2011). The identification of transcription factors that appear to be 

epigenetically regulated by seasonal cues, such as EARLY BUD-BREAK (EBB; Yordanov et al., 

2014; Busov et al., 2016) and DORMANCY ASSOCIATED MADS (DAM; Bielenberg et al., 2008; 

Li et al., 2009; Yamane et al., 2011; Leida et al., 2012) has added further insight in poplar and some 

fruit tree species. To date, the mechanistic understanding of the physical or genetic regulation of 

dormancy in grapevine is scarce. 

In grapevine buds, the role of photoperiod and temperature for dormancy establishment is arguable. 

While photoperiod and temperature are crucial for the development of bud’s cold hardiness (Schnabel 

and Wample, 1987; Fennell and Hoover, 1991; Londo and Kovalenski, 2019), a pronounced but 

transient peak of dormancy has been observed during summer in some Vitis vinifera cultivars (Pouget, 

1963; Nigond, 1967; Velappan, 2019; Chapter 2 Figure 2.1). While the onset of this period of 

dormancy is consistent with the decline in photoperiod following the summer solstice, the release 

bears no known relationship to environmental cues. Differential regulation of PHYA and PHYB 

expression in leaves and buds as a response to photoperiod changes suggest that grapevine buds are 

a semiautonomous structure that induction of dormancy can occur in the absence of light-perception 

signal from leaves (Kühn et al., 2009; Pérez et al., 2009). Furthermore, grapevine chilling requirement 

is relatively lower (Lavee and May, 1997) as buds have already regained the capacity to grow in 

autumn before chilling accumulation occurs (Pouget, 1988). Also, exposure to high temperatures may 

induce bud break (Pouget, 1963; Dokoozlian, 1999). 

Physiological, biochemical, and genetic aspects of dormancy in grapevine mainly use the autumn 

dormancy framework to study mechanism inducing dormancy (Almada et al., 2009), development of 
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cold hardiness (Ferguson et al., 2011) and dormancy release or bud break (Or, 2000), and the role of 

phytohormones (Or et al., 2000; Zhang et al., 2012; Zheng et al., 2015), sugar (Jones et al., 1999), 

oxygen (Parada et al., 2016; Meitha et al., 2018), and dormancy release agents (Shulman, 1983; Ophir 

et al., 2009) along dormancy progression of grapevine bud. Furthermore, rapid improvement of 

transcriptomic technology such as microarray and high-throughput sequencing has improved our 

knowledge of the gene regulatory networking involves during dormancy in grapevine (Ophir et al., 

2009; Sreekantan et al., 2010; Díaz-Riquelme et al., 2012; Fennell et al., 2015). However, the 

transcriptional state of dormant bud that occurs in summer is fairly unknown. 

In this study, we investigate the global gene regulation state of dormant bud in summer (sampled in 

March, south hemisphere) by comparing the transcriptome with: (1) quiescent buds that were 

naturally released from dormancy by field condition (harvested in May and August), and (2) March 

condition buds treated with hydrogen cyanamide. 

3.2 Materials and methods 

Unless otherwise stated, water used throughout the study was Milli-Q® water (MQW, Merk-

Millipore, Bayswater, Australia) and all chemicals were of analytical grade from Sigma-Aldrich 

(Castle Hill, Australia). 

3.2.1 Plant material 

Plant material used in this experiment was sampled in parallel with plant material used for Chapter 2. 

Vitis vinifera (L.) cv. Cabernet Sauvignon cuttings consisting of 4 mature, dormant buds (N+2, Lavee 

and May, 1997) from nodes 4 to 7 were collected from a vineyard in Margaret River, Australia (34 °S, 

115 °E) at three time points; 5th March, 16th May, and 8th August 2017. The canes were immediately 

transported to the lab in damp newsprint in an insulated box and stored at 22 °C for up to 24 hours. 

The canes were cut into short single node cuttings (explants) of 50 - 70 mm length, retaining 

5 - 10 mm above the node, as previously described in Meitha et al. (2015). Treatment with hydrogen 

cyanamide (H2CN2; Sigma-Aldrich #187364) was done by submerging the node into 1.25 % (w/v) 
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[300 mM] H2CN2 for 30 seconds. Control buds were treated in the same manner with water (W). The 

explants were then stored in the dark for 24 hours before processing and subsequent analysis. The 

four buds from nodes 4 to 7 of a single cane were pooled to make a single biological replicate, frozen 

in liquid nitrogen, and kept at -80 °C until required. A total of three biological replicates were 

prepared. 

3.2.2 RNA extraction, library preparation and sequencing 

Buds were ground into fine powder in liquid nitrogen using a mortar and pestle. Total RNA was 

extracted using the Spectrum Plant Total RNA kit with an on-column DNase treatment according to 

the manufacturer’s instructions (Sigma-Aldrich #STRN50) but with minor modifications as follows. 

Lysate from Pellet Cellular Debris Removal step was further cleaned by adding an equal volume of 

chloroform. The homogenate was mixed by gentle inversion several times and then centrifuged at 

16,000 g for 10 minutes (4 °C). The clean, upper aqueous phase was transferred into a Filtration 

Column (blue retainer ring) seated in a 2 mL Collection Tube and then centrifuge at 16,000 g for 

1 minute (24 °C) to remove residual debris. The clean flow-through lysate was retained. RNA 

binding, on-column DNase digestion, washing, and elution were performed according to the 

manufacturer’s instructions. RNA precipitation was performed by adding 5M LiCl to the RNA 

solution followed by overnight incubation at -20 °C. Precipitant was pelleted by centrifugation at 

16,000 g for 20 minutes at 4 °C. The RNA pellet was washed with 70 % ethanol followed by 

centrifugation at 16,000 g for 20 minutes at 4 °C. The ethanol wash was repeated once. The clean 

pellet was air dried for no more than 15 min and dissolved in 25 µL DEPC-treated water. RNA 

integrity was checked by electrophoresis in 1.5 % (w/v) agarose gel and run at 60 V for 1.5 hours 

(Figure S3.1). Quantification of total RNA was done using Qubit™ Fluorometer (Thermo Fisher 

Scientific) (Supporting Information Table S3.1). The Ribo-Zero kit was used for the depletion of 

the rRNA; RNA libraries were prepared using TruSeq Stranded mRNA kit preparation (Illumina) and 

sequences were generated by the Genewiz Genomics Centre (Suzhou, China) as pair-end (PE), 150 bp 
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and 40 million of reads. Only two out of three replicates passed the quality control, except March 

water-treated sample with all three replicates passed quality control and proceeded for sequencing. 

3.2.3 Transcript data analysis 

Read quality control, trimming and mapping were done as described in Meitha et al. (2018). Raw 

read quality was assessed with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), 

adapter contamination and trimming were performed with Trimmomatic (Bolger, Lohse, & Usadel, 

2014), and PCR duplicates were removed with BBMAP (http://jgi.doe.gov/data‐and‐

tools/bbtools/bb‐tools‐user‐guide/). Resulted reads were aligned to the 12X V1 Vitis vinifera 

PN40024 reference genome (Jaillon et al., 2007) using Kallisto (Bray et al., 2016). Gene expression 

profiling was performed using edgeR (Robinson, McCarthy, & Smyth, 2010) and limma (Ritchie et 

al., 2015) Bioconductor packages. Raw data were filtered for low abundance transcript. Only 

transcripts that have at least one count per million (CPM) in at least two samples were retained. Next, 

read count normalisation was performed using the upper-quartile method followed by removal of 

unwanted variance using RUVseq Bioconductor package (Risso et al., 2014). The log2 transcript-per-

million (logTPM) was obtained and a linear model (limma) was applied to do a pairwise comparison. 

A list of differentially expressed genes (DEGs) was filtered for multiple testing using FDR ≤ 0.05 

(Benjamini and Hochberg, 1995) and a log2 fold change greater or smaller than 1 (log2FC = |1|). 

Principal component analysis (PCA) was built using pca() function of mixOmix package in R (Rohart 

et al., 2017). 

3.2.4 Gene ontology enrichment 

Three lists of DEGs from each comparison, up-, down-, and both (up- and down-regulated) passed 

the log2FC |1| and FDR ≤ 0.05 criteria were used to perform a gene ontology enrichment analysis 

using topGO (Alexa and Rahnenführer, 2009) to identify significant functional categories following 

a grapevine-specific functional classification of 12X V1 predicted transcript (Grimplet et al., 2012), 

which was adapted from the MIPS FunCatDB database (Ruepp et al., 2004), with modification 

according to the GO database (Ashburner et al., 2000). A Fisher’s exact test (P < 0.05) was carried 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://jgi.doe.gov/data‐and‐tools/bbtools/bb‐tools‐user‐guide/
http://jgi.doe.gov/data‐and‐tools/bbtools/bb‐tools‐user‐guide/
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out in topGO to compare each study list with the list of total non-redundant transcript housed in 

grapevine 12X V1 gene predictions (Grimplet et al., 2012). 

3.3 Results 

3.3.1 Overview of the transcriptome data 

Data presented in Chapter 2 revealed striking changes in the capacity to grow (BB50) of buds from 

late summer to autumn and winter (Figure 2.1). Most remarkable was the pronounced peak of BB50 

in the March condition, which was completely attenuated by the application of H2CN2. This 

phenomenon of late summer/ autumn dormancy has been reported previously (Pouget, 1963; Nigond, 

1967) but received little attention since. Here we performed genome-wide transcriptome profiling of 

mature dormant buds matching the material represented in Chapter 2. H2CN2 treatment of the March 

condition was also used to contrast with the seasonal/ developmental changes in gene expression.  

A summary of the library statistics is available in Figure S3.2. About 50-60 % of short reads 

produced were mapped to the whole 12X V1 Vitis vinifera PN40024 reference genome 

(Jaillon et al., 2007), with approximately 40 million reads per sample remaining after trimming and 

removal of duplicates. This resulted in 25,790 annotated grapevine transcripts (Grimplet et al., 2012) 

expressed in at least one condition. Reads were normalised by transcript per million (TPM) to avoid 

bias toward 3ʹ end of transcripts prior to use for differential expression analysis. A complete list of 

transcript identifiers and abundance (TPM normalised) are available as Supporting Information 

Table S3.2. A hierarchical cluster and principal components analysis (PCA) of the normalised TPM 

were performed to assess correlation among biological replicates and identify the main components 

of variance in gene expression (Figure 3.1). A dendrogram of hierarchical cluster analysis showed 

that replicates clustered together, and treatment conditions were separated according to the time of 

collection and particularly the treatment of H2CN2 (Figure 3.1A). The unsupervised PCA confirmed 

the low variance between replicates. The first principal component (PC1) explained the effect of 

H2CN2 treatment on buds and accounted for 65 % of variation in the gene expression (Figure 3.1B). 
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The second component (PC2) discriminated dormancy stages along the time course of bud 

development, accounting for 19 % of gene expression variation. 

 

Figure 3.1. Hierarchical cluster and principal component analysis (PCA) of normalised TPM of grapevine cv. 

Cabernet Sauvignon harvested in March, May, and August (34 °S, 115 °E). (A) A dendrogram confirms that 

replicates from each condition cluster together (bootstrap 100). (B) The first component (PC1) of the PCA 

discriminates water and H2CN2-treated samples, explaining 65 % of the variance. The second component 

(PC2) discriminates time of harvesting and explains 19 % of the variance. Label showing H2CN2-treated buds 

collected in March (CS1703H, blue) and water-treated buds collected in March (CS1703W, orange), May 

(CS1705W, grey), and August (CS1708W, green). 

To investigate DEGs during the transition of dormancy status under field conditions, a pairwise 

comparison was performed at one time point to its preceding time, i.e. March to May (5W-3W, 

represent transition to release from dormancy), May to August (8W-5W, representing maintenance 

of quiescence status). Comparison of the H2CN2 and water treatments was performed in buds 

collected in March (3H-3W). In addition, comparison of water-treated March vs August (8W-3W) 

was also made to investigate transcriptional changes of buds with similar capacity to burst but 

undergo different stimuli to grow. Among DEGs identified at FDR of ≤ 0.05, 2288 DEGs identified 

at 5W-3W pair, 3671 DEGs at 8W-5W pair, and 9106 DEGs at 8W-3W with log2 fold-change 

(log2FC) value vary from 0 to 3 (equal to a linear fold change of 1 to more or less than 8; Figure 

3.2A). The DEGs corresponding to the 3H-3W pair accounted for more than half of the total identified 

transcripts (i.e. 14178 genes; Figure 3.2A). A complete list of DEGs that meet the criteria FDR ≤ 0.05 

is provided (Supporting Information Table S3.3). 
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Figure 3.2. Distribution of log2 fold-change (logFC) value of significantly regulated genes in grapevine cv. 

Cabernet Sauvignon collected from a vineyard in Margaret River (34 °S, 115 °E) in March, May, and August of 

2017. (A) The proportion of transcript in the indicated fold changes that meet the criteria FDR ≤ 0.05 (B) 

Proportion of transcript that was found up- or down-regulated that meets the criteria of log2FC |1| and 

FDR ≤ 0.05. 

For subsequent analysis, we restricted the DEGs to genes that meet the criteria of log2FC greater than 

1 or less than -1 (log2FC |1|). A core set of 165, 290, 731, and 2316 genes showed significant up-

regulated expression and 157, 697, 1425, 3194 genes showed significant down-regulation expression 

in the 5W-3W, 8W-5W, 8W-3W, and 3H-3W comparisons respectively (Figure 3.2B, Supporting 

Information Table S3.4). Then, we performed Venn diagram analysis showing very few of these 

DEGs were common for all four comparisons, indicating distinct processes involved in each 

dormancy transition (Figure 3.3). List of genes commonly and specifically regulated in each 

comparison is provided (Supporting Information Table S3.4). Also, it is interesting that more genes 

were found down-regulated than up-regulated particularly in 8W-5W and 3H-3W comparison. 

To assess global description of biological processes involved during natural dormancy transition and 

the effect of application of H2CN2 in releasing dormancy in grapevine buds, gene set enrichment was 

performed using the topGO package in R (Alexa and Rahnenführer, 2009), based on the Fisher’s 

Exact Test (P-value < 0.05). The gene ontology GO terms were further simplified using REVIGO 

allowing similarity of 0.5 (Supek et al., 2011). Gene ontology enrichment typically resulted in a list 

of highly redundant GO categories that is difficult to interpret. REVIGO is a web-based software that 

summarises enriched GO category by reducing redundant categories based on semantic similarity 
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between GO categories. The summary of GO categories from REVIGO was further constrained to 

the GO terms that were present in grapevine functional annotation (Grimplet et al., 2012). This 

resulted in 19, 30, 41, and 43 GO terms in each pairwise comparison in 5W-3W, 8W-5W, 8W-3W, 

and 3H-3W, respectively (Figure 3.3B-D). The representative Vitis transcript identifiers associated 

with each GO term listed in Figure 3.4A-D is provided (Supporting Information Table S3.5). 

3.3.2 Developmental differences in dormancy-, cell wall- and carbohydrate metabolism-related 

processes 

Similar to Venn diagram analysis showing few commonly expressed genes among comparison, few 

enriched biological processes were commonly shared between comparisons. Nevertheless, among 

biological processes enriched, we observed several categories that may contribute to the physiological 

state of the buds under study. Enrichment of the GO category related with ‘release of seed from 

dormancy’ (GO:0048838) in the transition from March to May, is in accordance with our 

physiological study showed there was a significant reduction of the time to reach 50 % bud burst 

(BB50). Categories related to cell wall composition were found differentially regulated, with 

carbohydrate metabolic process category (GO:0005975) up-regulated, while the inositol catabolic 

process category (GO:0019310) was down-regulated (Figure 3.4A). Regulation of cell wall 

composition was represented by enrichment of carbohydrate metabolic and biosynthesis process 

categories (GO:0016051), evident as the buds transition from March to May and continue regulated 

in the transition from May to August. Genes present in these categories represented both biosynthetic 

functions, cell wall catabolism and autophagy to provide substrates for cell functions. The latter 

process was strongly supported by enrichment of asparagine biosynthetic process (GO:0006529), 

which is known to be differentially regulated as a response to cellular sugar level. As stated earlier, 

the number of down-regulated genes in the 8W-5W pair comparison outweighed those found to be 

up-regulated. GO analysis revealed that many of these down-regulated functions were related to 

regulation of DNA-templated transcription category (GO:0006355), response to stimulus 

(GO:0050896), and oxidation-reduction process (GO:0055114) (Figure 3.4B). The strong down-
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regulation of these functions may indicate their role in the maintenance of the quiescent state of buds 

reflected in the May condition. 

It was expected that artificial dormancy release would affect a wide range of cellular processes. 

Among the processes altered by treatment with H2CN2, the most enriched categories in the up-

regulated gene set were L-phenylalanine catabolic process (GO:0006559) and aromatic amino acid 

family metabolic process (GO:0009072) categories. These categories contain genes coding for 

PHENYLALANINE AMMONIA-LYASE and GLUTATHIONE S TRANSFERASE, two enzyme 

classes with widely conserved functions in the biosynthesis of stilbenes, and glutathione-dependent 

peroxidation respectively. This is consistent with the cellular response to oxidative stress. In the 

down-regulation gene set, photosynthesis category (GO:0015979) was the most enriched biological 

process. Down-regulation of light reaction of photosynthesis category (GO:0019684) coincided with 

up-regulation of respiratory gaseous exchange (GO:0007585) and respiratory electron transport chain 

(GO:0022904) categories, indicating a requirement to increase cellular respiration (Figure 3.4D). 

We also made a comparison between March and August (8W-3W) to gain insight of processes 

regulated in buds with higher capacity (more ready) to burst, compare to May condition and March 

buds treated with H2CN2, after prolonged chilling exposure (Chapter 2 Figure 2.1 and Table 2.1). It 

is interesting that despite the big differences on BB50 between August and March, very few processes 

were enriched in the up-regulated gene set of 8W-3W comparison, i.e. 9 categories compared to the 

24 categories in the down-regulated gene set. Among all categories enriched in 8W-3W, the 

polysaccharide metabolic process (GO:0005976) category was found to be the most significant. 

Genes associated with this process involved hemicellulose biosynthesis and starch or sugar 

metabolism, especially glucan.(Figure 3.4C and Supplemental Information Table S3.5). 
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Figure 3.3. Venn diagram analysis of differentially expressed genes (DEG) from buds collected in March (3), 

May (5), and August (8) 2017, treated with water (W) or H2CN2 (H), showing distribution of significantly up-

regulated and down-regulated genes (log2FC |1|, FDR ≤ 0.05). between 5W-3W and 8W-5W (A), and 5W-3W, 

8W-3W, and 3H-3W (B) comparison.  
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Figure 3.4. Bar plots summarize the biological processes significantly enriched (P value < 0.05 in a Fisher’s 

exact test) in each pair comparison; (A) water-treated May vs. March, (B) water-treated August vs May. Gene 

ontology analysis was performed using three gene references, i.e. up-regulated (Up) in red, down-regulated 

(Down) in green and both (All) in blue.  
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Figure 3.5. Bar plots summarize the biological processes significantly enriched (P value < 0.05 in a Fisher’s 

exact test) in each pair comparison; (C) water-treated August vs March. Gene ontology analysis was 

performed using three gene references, i.e. up-regulated (Up) in red, down-regulated (Down) in green and 

both (All) in blue.  
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Figure 3.6. Bar plots summarize the biological processes significantly enriched (P value < 0.05 in a Fisher’s 

exact test) in each pair comparison; (D) March H2CN2-treated vs water-treated. Gene ontology analysis was 

performed using three gene references, i.e. up-regulated (Up) in red, down-regulated (Down) in green and 

both (All) in blue.  
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3.3.3 Abscisic acid-, cell wall- and sugar metabolism- processes are commonly regulated in the 

transition from March to August 

Abscisic acid (ABA) is known to be involved in regulating dormancy status in perennial buds. In the 

transition from March to May differential expression of ABA biosynthesis or catabolism process was 

observed. The ABA 8'-HYDROXYLASE (CYP707A1) and BETA-CAROTENE HYDROXYLASE code 

for key catabolic and synthetic enzymes, respectively, and were up- and down-regulated from March 

to May and further from May to August. A number of ABA-biosynthesis and ABA-signalling-related 

transcripts were also found to be down-regulated from May to August, including 9-CIS-

EPOXYCAROTENOID DIOXYGENASE, ABA RESPONSIVE and ABA-RESPONSIVE ELEMENT-

BINDING. These data are consistent with a persistent decline in ABA-dependent signalling 

throughout the time points studied. 

The cell wall is an essential feature providing structure, protection and determining the direction of 

cellular growth. The polysaccharides cellulose, hemicellulose, and pectin are the main composition 

of the plant’s primary cell wall. Each of these components are made up from different monomers, for 

example cellulose is produced by polymerization of beta-1,4-glucose residue, hemicellulose is mainly 

built from xyloglucan monomer, and pectin consists of galacturonic acid residue (Broxerman and 

Schols, 2018). Hemicellulose and pectin were two cell wall components regulated in the transition 

from March to May. Two transcripts involved in hemicellulose monomer metabolism were found up-

regulated, i.e. XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH) and 

CELLULOSE SYNTHASE-LIKE (CSL). In contrast, down-regulation of pectin or hemicellulose 

biosynthesis were observed through reduction of transcript encoding MYO-INOSITOL 

OXYGENASE 1 (MIOX1). Callose is another polysaccharide found locally and temporarily 

deposited in the cell wall as a response to abiotic stress, wounding, or pathogen attack (Angelika and 

Horts, 2009). Here we found transcripts encoding enzymes that degrade callose, BETA-1,3-

GLUCANASE, were down-regulated in May and August. In addition, genes coding for cellulose 
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metabolism were down-regulated in the transition from May to August, represented by two copies of 

CELLULOSE SYNTHASE (CESA) and three ENDO-1,4-BETA-GLUCANASE. 

Carbon fixation by photosynthesis is mainly deposited in the form of starch in sink organ and 

nucleotide sugar that is served both as energy reserve and cell wall precursor (Verbancic et al., 2017). 

Several genes encoding enzymes involved in the metabolism of starch, sucrose, or carbohydrate in 

general were found to be differentially regulated. In the transition from March to May, starch 

metabolism was initiated by the increase of transcript encoding starch catabolic enzyme, BETA-

AMYLASE. The up-regulation of STARCH SYNTHASE gene and two 1,4-ALPHA-D-GLUCAN 

MALTOHYDROLASEs in the transition from May to August suggest starch metabolism continued to 

increase throughout the seasons. Increased production of sugar was suggested through up-regulation 

of gene encoding GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE A and two genes 

encoding FRUCTOSE-BISPHOSPHATE ALDOLASE, both known to be involved in either 

glycolysis or gluconeogenesis. Nevertheless, twenty-four genes related to carbohydrate metabolism 

were down-regulated in the transition from May to August, including genes coding for enzymes 

involved in gluconeogenesis, oligo-, mono-, and polysaccharides metabolism (Supporting 

Information Table S3.5). 

3.3.4 Maintenance of bud viability and quiescence status may be regulated by specific process 

found in the transition from May to August. 

Considering that the buds collected in August were in a mature, lignified state for more than 6 months, 

we expected to find senescence process along with activation of process to protect buds from cell 

death. Studies in Arabidopsis have shown the role of CYTOCHOROME P450 protein family (CYPs) 

and AT-hook-containing protein in the regulation of plant senescence (Mizutani et al., 1998; Lim et 

al., 2007). In this study, a transcript encoding CYP71D10 and putative AT-hook DNA binding protein 

were up-regulated and associated with aging category in GO analysis (Figure 3.4B, Supplemental 

Information Table S3.5). Further, two transcripts encoding antioxidant functions, GLUTATHIONE 

S TRANSFERASE (GST) and TYROSINE AMINOTRANSFERASE (TAT), were up-regulated. 
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GSTs catalyse the conjugation of reduced glutathione (GSH) to a wide range of xenobiotics resulting 

in detoxification and TAT can catalyse the biosynthesis of tocopherol (vitamin E), together may act 

to protect the buds from oxidative damage. 

Growth resumption through the perception of red and far-red light is orchestrated by the 

PHYTOCHROME (PHY) family of photoreceptors and transcription factors that interact with 

phytochrome called PHYTOCHROME-INTERACTING FACTORS (PIFs). In the absence of light, 

the inactive form of PHY, namely Pr, is accumulated in the cytosol which allows accumulation of 

PIF in the nucleus leading to skotomorphogenesis (Leivar and Monte 2014). In the presence of light 

Pr is converted into an active form of PHY, namely Prf, and translocated into the nucleus to interact 

with PIF causing rapid degradation of PIF which leads to photomorphogenesis process. In this study, 

two transcripts encoding proteins similar to PIF were found to be up-regulated, i.e. UNFERTILIZED 

EMBYO SAC 10 (UNE 10) and PHYTOCHROME A-ASSOCIATED F-BOX PROTEIN. The 

former also known as PIF7 in Arabidopsis and the latter is a negative regulator of phytochrome A. 

A plant’s ability to perceive stimuli and activate subsequent responses is essential for successful 

growth. Down-regulation of response to stimulus, regulation of transcription, and oxidation-reduction 

processes may suggest the factors that contribute to the absence of bud growth between May to 

August. First, incapability to perceive stimulus indicated by down-regulation of many genes encoding 

hormone-mediated signalling protein and signalling metabolites. For instance, IAA-AMINO ACID 

HYDROLASE 2 and PHOSPHOLIPASE C which encode enzymes which mediate cellular responses 

via auxin signalling (Davies et al., 1999; LeClere et al., 2002; Li et al., 2015). Reduction of hormone-

mediated transcription factors was also found, particularly those responding to ethylene and 

cytokinin, i.e. genes coding for ethylene-responsive binding factors and AP2/EREBP transcription 

factors and Arabidopsis response regulator (ARR) type A. Also, reduction of transcription factors 

related to flower and shoot apical meristem development was represented by genes encoding MADS-

box agamous like and GATA transcription factors (Zhao et al., 2004; Liu et al., 2005; de Folter et al., 

2005; Manfield et al., 2007; Hu et al., 2014). Lastly, the interaction between oxidation-reduction and 
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phytohormones signalling pathways to determine plant growth has been previously reviewed 

(Considine and Foyer, 2014). We found forty-six transcripts associated with oxidation-reduction 

process category in the GO enrichment were down-regulated, which includes CYTOCHROME P450 

family protein, LIPOXYGENASE, 1-AMINOCYCLOPROPANE-1-CARBOXYLATE OXIDASE, 

FLAVONOID 3-MONOOXYGENASE, FLAVONOL SYNTHASE, CINNAMOYL-COA REDUCTASE, 

GLUTAREDOXIN, GIBBERELLIN 2-BETA-DIOXYGENASE 7 and LACCASE. 

3.3.5 High expression of antioxidant following H2CN2 treatment may keep the oxidative stress 

at a moderate level and facilitate growth signalling. 

Transient oxidative stress as a result of respiration disturbance, impaired mitochondrial activities, 

hypoxia, and hydrogen peroxide production has been previously studied and proposed as the main 

mode of action of H2CN2 to break endodormancy (Or et al., 2000; Pérez et al., 2008, Ophir et al., 

2009; Vergara et al., 2012a and 2012b). In these studies, respiration disturbance was denoted by 

significant increase of genes related in fermentation pathways, this includes SNF-LIKE KINASE, 

PYRUVATE DECARBOXYLASE (PDC) and ALCOHOL DEHYDROGENASE (ADH) contributes to 

an increase of the AMP/ATP ratio which serve as stress signal (Or et al 2000). In parallel, inhibition 

of complex I and III of mitochondrial electron transport machinery support the induction of SNF-like 

protein following H2CN2 treatment and proposed the involvement of alternative electron-transfer 

pathway by up-regulation of ALTERNATIVE OXIDASE (AOX) to prevent the accumulation of 

reactive oxygen (Ophir et al., 2009). Lastly, increase production of hydrogen peroxide was proposed 

as a result of inhibition of catalase encoded by CATALASE 1 (CAT1) gene following H2CN2 treatment 

which then activates the synthesis of antioxidant to neutralise the oxidative effect (Pérez et al. 2008; 

Vergara et al., 2012b). 

Polyamines, such as putrescine, have been proposed to have an important role in growth by regulating 

developmental and physiological processes, through the capacity of their metabolism to trigger 

hydrogen peroxide-induced oxidative damage (Kusano et al., 2007; Rider et al.,2007). It is also 

proposed that GAMMA-AMINO BUTYRIC ACID (GABA), another well-known stress response 



99 

 

molecule, can also be synthesized from degradation of putrescine by copper amine oxidase and 

aldehyde dehydrogenase (Fait et al., 2008; Shelp et al., 2012). Further, crosstalk between GABA, 

CAT and expression of transcript encoding the antioxidant enzyme, i.e. ascorbate peroxidase and 

glutathione peroxidase, has been previously reported (Vergara et al., 2012b; Vergara et al., 2013). In 

this study, only transcripts encoding CATALASE 2 (CAT2) were found, with two of them down-

regulated and one up-regulated. Similarly, transcripts encoding PEROXIDASE were also found both 

up- and down-regulated. On the other hand, a transcript encoding an enzyme contributing to 

accumulation putrescine, ARGININE DECARBOXYLASE, was significantly up-regulated. 

H2CN2 can be generated as a by-product of nitrogen fertilizer synthesized by binding the nitrogen gas 

on calcium carbide resulting in calcium cyanamide. This fertilizer is also known to have herbicide 

and fungicide effect (Amberger 2013). It was expected that antioxidant production, plant defence to 

pathogen attack and detoxification process would undergo significant changes following the H2CN2 

treatment in buds. Stilbenes, e.g. resveratrol, are defence response-related secondary metabolites 

belong to phenylpropanoid class of compound which act as phytoalexin during pathogen or herbivore 

attack and accumulate when the plant is subjected to abiotic stress (Chong et al., 2009). The role of 

GLUTATHIONE S TRANSFERASE (GST) in herbicide detoxification has made this enzyme an 

attractive study in crop plants. In grapevine, co-expression of PHENYLALANINE AMMONIA-

LYSASE (PAL), STILBENE SYNTHASE (STS), and GST occurs following pathogenic fungal infection 

(Aziz et al., 2004). Multiple transcripts encoding PAL and STS, the first and last enzyme in stilbenes 

synthesis respectively, were significantly up-regulated in buds treated with H2CN2 relative to water 

treatment. The 5-ADENYLSULFATE REDUCTASE and GST, two functions involved in sulphate 

assimilation leading to the synthesis of glutathione (Bick et al., 2001) and degradation of peroxide 

via glutathione-dependent peroxidase metabolism were also up-regulated after H2CN2 treatment. 

Moreover, induction of BETA-CYANOALANINE SYNTHASE 1 transcript levels may contribute to 

H2CN2 detoxification (García et al., 2010 and 2014). 
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Pleiotropic responses to stress were also denoting bud response to H2CN2 treatment. The functional 

category associated with photosynthesis and light reactions were found to be down-regulated and 

transcript associated with these processes are involved in electron transfer in the chloroplast. For 

instance, Photosystem I subunits (PSA), Photosystem II light harvesting complex gene (LHC), 

CYTOCHROME, and FERREDOXIN. In addition, a transcript encoding AOXs was significantly up-

regulated, consistent with the interdependency of photosynthesis and respiration process. In this case, 

the increase of AOX may compensate disturbance of electron transfer pathways in the chloroplast by 

oxidising excess NADPH (Vanlerberghe, 2013). In addition, considering the close relationship 

between NAD(P)H/NAD(P)+ and ascorbate and glutathione pathways, AOX activities may enable 

detoxification of cyanamide through the ASC/GSH/NAD(P)H cycle (Foyer and Noctor, 2011). It is 

also worth noting that among other transcription factors regulated in buds treated with H2CN2, we 

found significant up-regulation of nuclear transcription factor X-BOX BINDING 1 (NF-XL1). In 

Arabidopsis, AtNF-XL1 demonstrated to have a dual function, i.e. increase level of peroxidase 

without showing oxidative damage to the plant and increase survival rate of seedling in the presence 

of NaCl in growth media (Lisso et al., 2006). The VvNF-XL1 may play the same role, given the 

indication that H2CN2 was inducing oxidative stress and forcing resumption of growth instead of 

killing the buds. Furthermore, H2CN2 treatment seemed to activate even more sugar metabolism 

process and a significant number of transcripts involved in sugar biosynthesis were found in 3H-3W 

comparison, including the metabolism of nucleotide sugar stored in the cell wall by UDP-GLUCOSE 

GLUCOSYLTRANSFERASE, SUCROSE SYNTHASE, TREHALOSE-6-PHOSPHATE SYNTHASE 

and TREHALOSE-6-PHOSPHATE PHOSPHATASE. 

3.3.6 Cell elongation processes were enhanced during the release of bud from dormancy. 

Our previous flow cytometry analysis to measure mitotic index did not detect a significant increase 

in the cell proliferation activities either in the transition of natural or artificial dormancy release 

(Chapter 2, Figure 2.2). In agreement with this, there was an absence of common cell cycle 

regulators, such cyclin A (CYCA), cyclin B (CYCB) cyclin-dependent kinase A, B, and F (CDKA, 
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CDKB, and CDK in our DEGs (Supplemental Information Table S3.6). Some transcripts encoding 

other CYCs and CDKs were detected in this study, i.e. three CYCD, three CYCT, two CYCP, CYCH, 

CYCL, and one encoding type-F CYCLIN-DEPENDEN KINASES (CDKF), but all were down-

regulated except VvCYCP4;1, VVCYCLIN-T1-4, and VVCYCLIN-L1-1 (Supplemental Information 

Table S3.6). We then shifted our investigation to processes related to cell expansion or elongation 

which are also essential in plant growth. Involvement of plasma membrane-localise H (+)-ATPase 1 

(AHA1) along with other signalling molecules, such as HOMEOBOX PROTEIN 52, EXPANSIN, 

PHYTOSULFOKINE, auxin, ethylene, and cytokinin, has been demonstrated to enhance cell 

expansion or elongation (Haruta et al.,2014; Ladwig et al.,2015; Pacifici et al., 2018; Miao et al., 

2018). We found an up-regulation of an AHA1 and a HOMEOBOX PROTEIN 52 in the transition 

from March to May, while increased transcript levels of two PHYTOSULFOKINE RECEPTOR were 

detected in H2CN2 treated buds. In seed development, interactions of AHA1 and HOMEOBOX 

PROTEIN 52 or PHYTOSULFOKINE RECEPTOR have been demonstrated to drive cellular growth 

by enhancing cell elongation process rather than proliferation. In addition, the level of transcripts 

encoding an AHA1 inhibitor, FERONIA RECEPTOR-LIKE KINASE, was down-regulated. A 

further increase of AHA1 transcript level was also detected in the transition from May to August and 

in buds treated with H2CN2. 

3.4 Discussion 

In general, relatively few enriched biological processes were differentially regulated in the transition 

from March (deeply dormant) to May, and predominantly these represented metabolic and stress 

response functions (Figure 3.3B). This is quite remarkable given that the bud burst data showed a 

significant difference of days to attain the BB50 between March and May. By comparison, the 

transition from May to August revealed substantial transcriptional regulation, consistent with the 

preparation for resumed growth. Meanwhile, the 3H-3W treatment comparison revealed 

transcriptome-wide regulation, evident of a major stress condition evoked by H2CN2. Despite similar 

BB50 between H2CN2 treated and May or August buds, very few biological processes were commonly 



102 

 

shared between the two comparisons. Many of those genes uniquely represented in the H2CN2-treated 

condition functioned in oxidative signalling and cellular respiration, indicating an essential function 

for redox homeostasis in artificially induced bud burst. 

Our present work revealed the enrichment of several biological processes relevant to the physiological 

state of the buds, and this includes (1) role of ABA signalling in dormancy release, (2) cell wall 

modification to accommodate cell growth, (3) starch or sugar metabolism, and (4) response to stress 

as growth resumption signal. Each will be discussed here. 

3.4.1 Negative regulation of ABA function coincides with release from deep dormant stage. 

The functions of ABA in dormancy in seed and perennial buds have been extensively studied. 

Endogenous levels of ABA are regulated by the balance of catabolism and biosynthesis. ABA is 

catabolised by a hydroxylation reaction catalysed by the CYTOCHROME P450 

MONOOXYGENASE family CYP707A, an ABA 8'-hydroxylase. In Arabidopsis seed, transcript 

level of CYP707A1 reached a maximum 12 days after flowering then gradually declined, while the 

transcript levels of CYP707A2 reach its maximum at 16 days after flowering (Okamoto et al., 2006). 

This coincided with a gradual reduction of ABA which was observed 10 days after flowering. During 

the natural cycle of dormancy in grapevine buds, down-regulation of CYCP707A4 transcript level 

was previously demonstrated to coincide with the release from dormancy. Further, transcript levels 

of 9-CIS-EPOXYCAROTENOID DIOXYGENASE 4 (NCED4), which encodes an enzyme that 

catalyses the biosynthesis of ABA, were gradually down-regulated following peak expression of 

CYCP707A4 (Zheng et al., 2015). Differential regulation of CYCP707A4 and NCED4 transcript 

levels at each comparison were also observed here. Transcript levels of VvCYCP707A were found to 

be significantly increased in all comparisons, and thus were at a minimum in the March condition in 

our data, and successively up-regulated thereafter. Meanwhile, reduction of VvNCED4, AREB3, and 

ABA RESPONSIVE transcript levels were only detected in 8W-5W, 8W-3W and 3H-3W (H2CN2-

treated) buds, suggesting that ABA synthesis and signal transduction was maintained until May 

showing its function in both bud development and response to adverse environment condition (abiotic 
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stress). These data also clearly indicate that treatment with H2CN2 negatively regulates ABA 

functions at multiple levels. 

3.4.2 Genes associated with hemicellulose biosynthesis and glucan metabolism contribute to cell 

wall alteration both in natural and artificial release from dormancy. 

The dynamic regulation of the plant cell wall during normal plant development or under stress 

conditions has been explored in both transcriptomic and proteomic studies (Irshad et al., 2008; 

Tenhaken, 2015). In the grapevine bud, morphological changes of the cell wall at the shoot apical 

meristem area, as well as the mRNA level of genes putatively involved in cellulose and hemicellulose 

biosynthesis have been reported previously (Rubio et al., 2016). The author reported that cell walls 

appeared thicker in dormant compared to non-dormant buds and differential regulation of genes 

encoding CELLULOSE SYNTHASE (CESA), CELLULOSE-LIKE SYNTHASE (CSL), and 

LACCASE was observed. Regulation of hemicellulose biosynthesis was also observed in our data, 

represented by multiple transcripts encoding XYLOGLUCAN ENDOTRANSGLUCOSYLASE/ 

HYDROLASE (XTH), an enzyme that catalyses hydrolysis or re-ligation of xyloglucans, and CSL, 

an enzyme that catalyses the polymerisation of the xyloglucan backbone (Rose et al., 2002; Liepman 

and Cavalier, 2012). In contrast, synthesis of cellulose and pectin through the myo-inositol pathway 

(Kanter et al., 2005) was reduced in our data, as indicated by down-regulation of MYO-INOSITOL 

OXYGENASE (MIOX) and several CELLULOSE SYNTHASE transcripts. Our ultrastructure image 

showed that the differences in the cell wall thickness were found particularly at the tunica layers of 

the shoot apical meristem (Chapter 2, Figure 2.9-2.11). Nevertheless, dynamic regulation of gene 

transcripts related to cell wall degradation by the endotransglycosylase/hydrolase or glycosyl 

hydrolase family proteins were observed, possibly to accommodate plant growth such as cell 

elongation or expansion if not proliferation. The fact that cellulose comprises only a small proportion 

of the primary cell wall, while cellulose, hemicellulose and pectins provide the mechanical structure 

of the plant cell wall (Tenhaken, 2015; Broxterman and Schols, 2018), is consistent with our 

transcriptomic data. This is also supported by evidence that plants with a quadruple knockdown of 
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the MIOX gene family show no phenotype defect (Endres and Tenhaken, 2011). Developmental 

deposition of callose in the plasmodesmata of Betula puberscens buds has previously been 

demonstrated (Rinne et al., 2001 and 2011). Deposition of callose in the plasmodesmata during 

dormancy was shown to block molecule transport via the symplastic passage. The subsequent release 

of dormancy by chilling coincided with the restoration of symplastic transport through degradation 

of callose by BETA-1,3-GLUCANASE. Further, two clades of BETA-1,3-GLUCANASE were 

identified and differentially regulated during outgrowth of para-dormant in hybrid aspen axillary buds 

(Rinne et al., 2016). The alpha-clade BETA-1,3-GLUCANASE is GA4 responsive and its up-

regulation concomitant with down-regulation of the gamma-clade BETA-1,3-GLUCANASE. Further 

the alpha-clade is detected during axillary bud growth whereas the gamma-clade is induced during 

dormancy establishment. In this study, the BETA-1,3-GLUCANASE is similar to the gamma-clade, 

and its down-regulation may indicate GA4-dependent bud growth resumption event. 

3.4.3 Starch catabolism and nucleotide sugar from cell wall was the main energy source to 

maintain cellular metabolic process in dormant buds. 

During the non-growing periods, the apoplast of buds was isolated from the corpus (shoot; Signorelli 

et al., 2019) and without photosynthesis activities for more than 6-month but still able to maintain 

cellular metabolism and viability. Our transcriptome data revealed starch to be the main source of 

sugar during the transition from March to August in natural dormancy cycle by up-regulation of 

transcripts encoding BETA-AMYLASE and 1,4-ALPHA-D-GLUCAN MALTOHYDROLASE. In 

comparison, it was evident that treatment with H2CN2 resulted in the degradation of alternative, more 

immediate and energetically expensive sources of energy, particularly through the synthesis of 

sucrose, trehalose-6-phosphate, and the degradation of nucleotide sugars in the cell wall. The latter 

indicates a dual function of the plant cell wall and may contribute to morphological changes of the 

cell wall observed by Rubio et al. (2016). The down-regulation of ASPARAGINE SYNTHETASE 

levels is a hallmark response to elevated sugars, glucose and sucrose, while it is up-regulated in 

conditions of hypoxia or starvation (Lam et al., 1994; Baena-González et al., 2007). The strong down-
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regulation of ASPARAGINE SYNTHETASE in 8W-5W and 3H-3W comparisons thus provide 

additional support of the requirement to increase soluble sugar levels in the cells of the bud. 

Additionally, it provides further support for the critical developmental functions of hypoxia (Meitha 

et al., 2018; Signorelli et al., 2018). 

In our data, it was evident that H2CN2 provoked considerable and pleiotropic stress. Here we suggest 

that increased synthesis of GABA, which is a widely conserved response to stress (Bouché and 

Fromm, 2004), contributes to maintaining cell function following treatment by H2CN2. The classic 

GABA synthesis involves decarboxylation of glutamate into GABA catalysed by GLUTAMATE 

DECARBOXYLASE (GAD), followed by degradation by SUCCINATE SEMI-ALDEHYDE 

DEHYDROGENASE (SSAD) providing succinate to the tricarboxylic acid (TCA) cycle. An increase 

of glycolysis process suggested by upregulation of GLYCERALDEHYDE-3-PHOSPHATE 

DEHYDROGENASE and FRUCTOSE-BISPHOSPHATE ALDOLASE supports the possibility of 

an increase TCA cycle and respiratory chain activity. Thereby, the GABA shunt pathway may be 

activated to reduce the excess of NADH supplied to the electron transport chain by reducing the yield 

of NADH produced per molecule of 2-oxoglutarate. The degradation of polyamines such as 

putrescine by ARGININE DECARBOXYLASE provides an additional pathway for GABA 

synthesis. Conversely, polyamines play important roles in the protection of DNA from oxidative 

damage (Kusano et al., 2007; Rider et al.,2007). In our data, GAD and SSAD were both found up-

regulated in 3H-3W, while only GAD was detected in the water-treated dataset, where it was 

continuously down-regulated from March to August. In addition, our data agreed with the suggested 

role of BETA-CYANOALANINE SYNTHASEs in detoxifying H2CN2, as a transcript encoding this 

enzyme was exclusively up-regulated in response to H2CN2 treatment (Garcia et al., 2010 and 2014). 

Taken together, cross-talk between stress-induced response, antioxidant production, GABA 

production, and cyanamide detoxification may constrain stress levels while allowing cyanide to act 

as a signalling molecule for bud growth. 
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3.5 Conclusions 

Chilling accumulation has been generally accepted as a prerequisite for the release of dormancy in 

many temperate perennials, however the evidence in grapevine points towards a substantial dormancy 

dynamic that is independent of temperature cues. Despite the unique dormancy regulation and 

potentially an important feature of grapevine axillary bud development, this developmental stage has 

been neglected. Here, we performed transcriptomic analysis to gain an understanding of the 

underlying gene networks regulation of summer dormancy in grapevine buds. The data demonstrate 

the role of ABA metabolism in regulating dormancy progression in field condition, as well as cell 

wall metabolism as energy source as the buds regaining the capacity to grow. In H2CN2-treated buds, 

in addition to ABA and cell wall metabolism, pleiotropic responses were evoked providing a 

mechanism for detoxifying cyanamide and signalling to terminate dormancy and resuming growth. 
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Supplementary Information 

 

Figure S3.1. RNA visualization in agarose gel electrophoresis. RNA was extracted from buds sampled on the 

following date: 05 March 2017 treated with H2CN2 (lane 1-3), 5 March 2017 treated with water (lane 4-6), 15 

May 2017 treated with water (lane 7-9), 8 August 2017 treated with water (lane 10-12). L: 1 Kb Ladder 

(Promega). Amount of RNA loaded per lane was 2 µL RNA was run on 1.5 % agarose gel at 60 volts for 

1.5 hours, the gel was stained with Ethidium bromide. 

 

Table S3.1. Quantification of total RNA extracted from grapevine buds. Measurement was done using 

Nanodrop and Qubit 

Sample Name 

NanoDrop Qubit 

Conc. 

(ng/µL) 

Total RNA  

(µg/ g FW) 
A260/280 A260/230 

Conc. 

(ng/µL) 

Total RNA  

(µg/ g FW) 

CS17#03H1 237 71.1 1.97 1.43 181 54.3 

CS17#03H2 300 90 1.98 1.53 204 61.2 

CS17#03H3 211 63.3 1.93 1.27 147 44.1 

CS17#03W1 399 119.7 2.04 1.83 284 85.2 

CS17#03W2 320 96 1.97 1.56 232 69.6 

CS17#03W3 223 66.9 2.01 1.74 159 47.7 

CS17#05W1 461 106.5 2.02 1.81 355 106.5 

CS17#05W2 287 86.1 1.97 1.43 189 56.7 

CS17#05W3 304 91.2 1.95 1.45 259 77.7 

CS17#08W3 314 94.2 1.98 1.42 205 61.5 

CS17#08W4 296 88.8 1.93 1.41 212 63.6 

CS17#08W2 473 141.9 1.91 1.32 292 87.6 
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Figure S3.2. Statistic summary of the number of reads and reads mapping for each sample. (A) The number 

of reads passed QC (fastQC), trimming (Trimmomatic), and duplication removal (BBMAP). (B) The 

proportion of mapped and unmapped reads to the whole 12X V1 Vitis vinifera PN40024 reference genome 

(Jaillon et al., 2007). 
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4. Optimisation of chromatin immunoprecipitation sequencing to 

evaluate histone occupancy in dormancy transitions of grapevine 

buds 

Preface 

Chapter 3 showed a complex of gene regulation networks were involved in regulating dormancy 

progression. In turn, these observations inspired this study of epigenetic regulation during dormancy 

in grapevine buds. The experiments in this chapter were designed to study the relationship between 

histone H3 occupancy and dormancy state using chromatin immunoprecipitation (ChIP) technique 

combined with sequencing. Optimisation of the ChIP procedure was performed in collaboration with 

Dr. Jonathan Cahn. Dr. Tinashe Chabikwa performed the ChIP-sequencing analysis and contributed 

to generate Figure 4.10. I wrote the chapter with constructive comment from Dr Michael Considine 

and Dr. Tinashe Chabikwa. 
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Abstract 

The regulation of DNA accessibility by histone modification has emerged as a paradigm of 

developmental and environmental programming. Chromatin immunoprecipitation followed by 

sequencing (ChIP-seq) is a versatile tool widely used to investigate in vivo protein-DNA interaction. 

The technique has been successfully demonstrated in several plant species and tissues; however, it 

has remained challenging in woody tissues. Here we developed a ChIP method specifically for mature 

dormant grapevine buds (Vitis vinifera cv. Cabernet Sauvignon). Each step of the protocol was 

systematically optimised, including crosslinking, chromatin extraction, sonication, and antibody 

validation. Analysis of histone H3-enriched DNA was performed to evaluate the success of the 

protocol and identify the occupancy of histone H3 along grapevine bud chromatin. To our best 

knowledge, this is the first ChIP experiment protocol optimised for grapevine bud system. 

4.1 Introduction 

Chromatin immunoprecipitation (ChIP) enables the study of DNA-protein interactions and has 

become a method of choice for studying trans-regulation of gene expression, as well as post-

translation histone modification. The technique was developed following a report demonstrated 

reversible crosslinking of nucleosome-DNA by formaldehyde (Jackson, 1978; Klockenbusch et al., 

2012). In combination with several DNA assay techniques, such as southern blotting (Solomon et al., 

1988 and Orlando et al., 1997), polymerase chain reaction (Hecht et al., 1996), microarray (Iyer et 

al., 2001), and sequencing (Johnson et al., 2007), the DNA sequence associated with the protein of 

interest is identified. Forty years after its development, ChIP has been extensively used to study 

epigenetic regulation in animal and yeast cells, but only recently applied in plants (Johnson et al., 

2001 and Wang et al., 2002). The delay in uptake of ChIP in plant science was due to several 

impediments, particularly: (1) a large amount of tissue is typically needed, (2) the presence of cell 

walls required vigorous physical disruption, therefore, sample loss during the process is unavoidable 

and resulted in low DNA yield, (3) co-extraction and precipitation of interfering compounds often 

problematic for downstream analysis such as PCR/ qPCR and library preparation, (4) limited 
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availability of ChIP-grade antibodies specific for plant cells often leading to a false-negative signal, 

and (5) the comprehensive ENCODE guidelines for the model biological system is not always 

applicable for plant biology research. 

The intriguing and complex regulation of plant developmental processes, as a response to 

environmental stimuli, has driven many studies on gene expression regulation in an epigenetic 

context. The vernalisation requirement for flowering of Arabidopsis is established by the flowering 

repressor FLOWERING LOCUS C (FLC), whereby chilling-dependent histone modification of the 

FLC locus represses transcription and hence enables flowering (Michael and Amasino, 1999; 

Halliwell et al., 2006). As histones are widely conserved and several commercial antibodies available, 

ChIP has been successfully applied to non-model plant studies also, including dormancy in perennial 

buds (Leida et al., 2012; Saito et al., 2015; and de la Fuente et al., 2015). To date, protocols guiding 

ChIP experiments in plant systems, such as Arabidopsis (Saleh et al., 2008), tomato (Ricardi et al., 

2010), maize (Haring et al., 2007) followed by DNA microarray hybridization (Reimer and Turck, 

2010) or sequencing (Kaufmann et al., 2010) have been published. However, the variables amongst 

these studies illustrate the need to tailor conditions to each experiment, and in particular each tissue 

type (Park, 2009; Landt et al., 2012). As such, protocols established for soft tissues such as leaves 

(Saleh et al., 2008) or seedlings (Ricardi et al., 2010) are likely to be ineffective for seed (Haque et 

al., 2018) or wood forming tissues (Li et al., 2014a). Further, metastudies have shown that even 

commercially available ChIP-grade antibodies may fail control tests for specificity (Egelhofer et al., 

2011). In some cases, batch information of these validation steps is available either on the ENCODE 

Project website (Davis et al., 2017) or subsites (Egelhofer et al., 2011) or via the manufacturer. 

Alternatively, the antibody/s must be validated before commencing ChIP experiment (Landt et al., 

2012). Procedures and criteria for antibody validation have been well-outlined by members of the 

ENCODE Project, however these were specifically developed for animal tissues, and hence neglect 

for example the additional constraints of working with plant cell walls and particularly lignified 

tissues. 
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The ChIP workflow is summarised in Figure 4.1. In brief, the interaction of protein and DNA 

(collectively known as chromatin) is crosslinked in vivo by incubation of tissue in formaldehyde 

solution. The crosslinked chromatin is then fragmented by sonication which breaks the chromatin 

into short fragments that are suitable for the subsequent processes. The protein-DNA complex is co-

precipitated using antibody allowing selective precipitation of DNA that interacts with protein of 

interest. The precipitated DNA is released from the protein by reverse crosslinking and subsequently 

assayed to identify the sequence. Each step in the ChIP procedure is prone to high variability; For 

example, sonication must be titrated to ensure the optimal size of chromatin while preventing damage. 

Similarly, for crosslinking, insufficient crosslinking could cause poor preservation of chromatin and 

its associated protein and significantly reduce the yield of DNA at the end of the immunoprecipitation 

process (Orlando, 2000). Alternatively, excessive crosslinking can make the chromatin brittle and 

prevent efficient reversibility of the crosslinking at subsequent steps. Therefore, optimisation needs 

to be systematic in order that the method is robust and reproducible, yielding maximum enriched-

DNA (Figure 4.1, arrow). 

 

Figure 4.1. Chromatin immunoprecipitation workflow with checkpoints indicated by the grey arrow. 

The ChIP protocol we describe is a modified procedure from a protocol optimised for wood-forming 

xylem tissue developed by Li et al. (2014) which provides a guide to cope with the difficulties of 
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working with woody tissue. Systematic optimisation was performed according to ENCODE 

guidelines for ChIP experiment (Landt et al., 2012.) and other recommendations from previously 

published ChIP protocols with plant tissue (Ricardi et al., 2010; Haring et al., 2007; Song et al., 2016). 

Chromatin immunoprecipitation was performed using a ChIP kit manufactured by Abcam to 

eliminate washing steps after immunoprecipitation which often contribute to loss of enriched-DNA. 

Finally, we performed, DNA sequencing and identified gene that was occupied by histone H3 protein. 

4.2 Experimental design 

4.2.1 Plant material 

The amount of tissue used in ChIP experiment with plant tissue varies depending on tissue type. 

Several early studies used 100 grams tissue per ChIP experiment (Ascenzi and Gantt, 1999; Chua et 

al., 2001) but recent improvements have enabled efficient ChIP with 1-5 grams, or 1×105 purified 

nuclei (Gendrel et al., 2005; Deal and Henikoff, 2011). The axillary buds of grapevine are 

heterogeneous organs consisting of multiple vegetative and reproductive meristems and leaves, 

covered in trichome hairs (Figure 4.2). Considering that the buds consist of very little green tissue, 

we expected that nuclear density might be low and hence we compared the yield of enriched-DNA 

obtained from 5 and 10 grams buds. 

 

Figure 4.2. Anatomy of primary meristem the axillary grapevine bud. Trichome (Tc) hairs are shown as the 

brown-colour structures which surround the green tissue (SM, shoot meristem) of the axillary bud. 
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4.2.2 Crosslinking 

Optimising the incubation conditions for crosslinking is crucial for successful and efficient 

crosslinking (Orlando, 2000). The hair-like structures inside buds create air spaces which could 

impede penetration of the crosslinking solution. The application of a vacuum cycle procedure, similar 

to that used in our sample processing for electron microscopy (Chapter 2), can be used to change the 

pressure around the buds and remove entrapped air, thus allowing more efficient infiltration (Li et al., 

2014a; Clode, 2015). Furthermore, an optimal crosslinking must allow reversal of the process by 

heating (Das et al., 2004) and should result a maximum recovery of DNA by phenol-chloroform-

isoamyl alcohol (PCI) extraction (Haring et al., 2007; Ricardi et al., 2010). 

4.2.3 Chromatin extraction 

In lignified tissues, the presence and composition of secondary metabolites create a requirement to 

optimise extraction conditions, particularly the composition of the homogenisation buffer and 

presence and concentration of detergent used for cell lysis (Li et al., 2014a). A powerful homogeniser 

such as the ULTRA-TURRAX (IKA, Germany) is also strongly recommended to improve tissue 

homogenisation. Moreover, polyvinylpyrrolidone (PVP) has been used routinely in nuclei acid 

extraction from tissue with high polyphenol content (Lodhi et al., 1994; Porebski et al., 1997. 

Secondary metabolites, such as polyphenols and tannins, can bind to DNA upon cell lysis and 

contaminated DNA may present a problem for downstream analysis, such as DNA library 

construction for sequencing. The PVP binds polyphenols through hydrogen bonding and can then be 

removed from tissue homogenate by discarding the supernatant containing PVP-polyphenols after 

centrifugation step (John, 1992). There are also several considerations in the choice and amount of 

detergent. Typically, an anionic detergent such as sodium dodecyl sulfate (SDS) is used, however 

while concentrations > 0.1 % SDS (w/v) will improve nuclear isolation, this may disrupt the 

antibody-antigen interaction due to protein denaturation (Privé, 2007). Moreover, high concentrations 

of ionic detergent tend to result in the formation of precipitates at low temperature, risking inefficient 

cell lysis and co-precipitation with the DNA (Linke, 2009). Two concentration of SDS commonly 
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used in ChIP assays were tested here, i.e. 0.1 % and 1 %, to determine the optimum condition 

resulting in the highest yield of DNA for immunoprecipitation. Also, we tested 0.1 % sarkosyl, a 

milder anionic detergent which is structurally similar to SDS but remains soluble under low 

temperature, as a comparison to the widely use SDS (Linke, 2009). 

4.2.4 DNA fragmentation 

The most common procedures to shear DNA for ChIP assay is by sonication (Orlando, 1997 and 

2000) or micrococcal nuclease treatment (O’Neil et al., 2003); the former method is mainly used for 

crosslinked ChIP experiment. Ideally, DNA is sheared into small fragment range from 200 to 600 bp 

(Park, 2009). Sonication is highly variable and difficult to optimise. A titration approach is commonly 

required to find the best sonication duration and settings. By considering this, we then performed a 

test to determine the sonication duration that will produce the desired fragment size. Here, we use 

S220 Focused-Ultrasonicator (Covaris, USA) and followed manufacture recommendation to generate 

homogenously distributed ~300 bp DNA fragment, i.e. 5 % Duty Cycle, 4 intensity, 140 W peak 

incident power, 200 cycles per burst. We then tested three sonication duration, i.e. 6, 8 and 10 minutes. 

Fragmented DNA was then analysed using TapeStation® (Agilent, Australia) and quantified using 

Qubit (Thermo Fischer Scientific, Australia) as both methods provide a more sensitive and accurate 

measurement compared to measurement using agarose gel or nanodrop respectively (Simbolo et al., 

2013). 

4.2.5 Antibody validation 

A specific antibody with high affinity to the protein of interest is a prerequisite for a successful ChIP 

experiment (Kungulovski et al., 2015). Antibodies are common tools to study many biological 

processes; however, they may also cause problems (Saper and Sawchenko, 2003; Baker, 2015a). 

Common problems are (1) recognition of non-target protein due to antibody cross-reactivity, (2) non-

reproducible results due batch-to-batch variation of antibody, and (3) unsuitable application, for 

example antibodies that work for western blotting may not be suitable for immunoprecipitation 

(Baker, 2015a). It is imperative to characterise and validate the antibody of choice before 
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commencing an experiment (Schumacher and Seitz, 2016; Gautron, 2019). Egelhoffer et al. (2011) 

tested 246 ChIP-grade antibodies and found many of these antibodies were either non-specific or 

unsuitable for ChIP. In order to address this issue, we performed antibody assessment to validate the 

ChIP antibody that was used in our experiment. Recombinant histone H3 and nuclear extract of 

grapevine buds were tested against anti-histone H3, anti-H3K4me3, and anti-H3K27me3. Criteria for 

an antibody to “pass” specificity by western blotting was adopted from Egelhoffer et al. (2011), i.e. 

the tested antibody should produce at least 50 % signal compare to the total nuclear signal and ten-

times higher than any unspecific signal. 

4.2.6 ChIP-sequencing 

The outcome from the ChIP experiment is fragments of DNA that specifically interact with the protein 

of interest. Identification of the DNA sequence following the immunoprecipitation can be done by 

polymerase chain reaction (ChIP-PCR) or quantitative PCR (ChIP-qPCR), microarray (ChIP-chip), 

and high-throughput sequencing (ChIP-seq). The endpoint PCR or qPCR is the most widely and 

routine identification technique use in ChIP. The pitfall of this technique is that it requires prior 

knowledge of regions associated with the protein tested. Rapid improvement of genome-wide assays 

using microarray or high-throughput sequencing, provide an alternative DNA assay for species such 

as grapevine; in which knowledge about the region occupied by histone H3 or modified histone H3 

is not available. Several reviews outline the superiority of sequencing over microarray for several 

reasons, such as higher genome coverage including the repeated sequence and low noise to signal 

ratio which commonly found in microarray analysis (Schones and Zhao, 2008; Park, 2009; Furey, 

2012). In this study, we performed ChIP-seq analysis of the histone H3 to evaluate our ChIP protocol 

and to explore the histone H3 occupancy along grapevine bud chromatin. Differential regulation of 

histone H3 is beyond the scope of this protocol.  
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4.3 Materials 

Unless otherwise stated, water used throughout the study was Milli-Q® water (MQW, Merk-

Millipore, Bayswater, Australia). 

4.3.1 Plant material 

Grapevine buds use for protocol optimisation were sampled in parallel with plant material used in 

Chapter 2 and 3. We then sampled buds in 2018 for ChIP-sequencing. The mature dormant buds of 

Vitis vinifera (L.) cv. Cabernet Sauvignon (N+2, Lavee and May, 1997) were collected from a 

vineyard in Margaret River, Australia (34 °S, 115 °E) at three time points; March, May, and August. 

Each cutting was consisting of 4 mature buds from node 4 to 7. The canes were immediately 

transported to the lab in damp newsprint in an insulated box and stored at 22 °C for up to 24 hours. 

Treatment with hydrogen cyanamide (H2CN2; Sigma-Aldrich #187364) was done by submerging the 

node into 1.25 % (w/v) [300 mM] H2CN2 for 30 seconds. Control buds were treated in the same 

manner with water (W). The explants were then stored in the dark for 24 hours at room temperature 

before being crosslinked. 

4.3.2 Reagents 

• Sucrose (Chem-Supply, Australia, cat. no. SA030-500G) 

• UltraPure 1 M Tris-Cl pH8 (Invitrogen, Australia, cat. no. 15568-025) 

• 0.5 M EDTA pH 8 (Invitrogen, cat. no. AM9260G) 

• Paraformaldehyde (Sigma-Aldrich, Australia, cat. no. P6148-500G) 

• Glycine (Chem-Supply, cat. no. GA007-500G) 

• β-mercaptoethanol (Sigma-Aldrich, cat. no. 63689-100ML-F) 

• Polyvinylpyrrolidone (Sigma-Aldrich, cat. no. PVP40-100G) 

• Triton X-100 (Sigma-Aldrich, cat. no. T9284-100ML) 

• NaCl (Sigma-Aldrich, cat. no. S7653-1KG) 

• Sodium dodecyl sulfate (SDS, Merck, Australia, cat. no. 8.17034.1000) 
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• Hydrochloric acid (Sigma-Aldrich, cat. no. 320331-2.5L) 

• Miracloth (Merck-Millipore, Australia, cat. no. 475855) 

• UltraPure phenol:chloroform:isoamyl alcohol 25:24:1 (v/v) (Invitrogen, cat. no. 15593031) 

• Ethidium bromide (Sigma-Aldrich, cat. no. E1510) 

• Absolute ethanol (Merck, cat. no. 1.00983.2511) 

• Agarose (Thermo Scientific, Australia, cat. no. 16500100) 

• 1 kb DNA ladder (Promega, USA, cat. no. G5711) 

• Mini-PROTEAN TGX (Tris-Glycine eXtended), 4-15% precast gradient polyacrylamide gel 

(Biorad, Australia, cat. no. 161-1104EDU, 10-well, 30 µl, 8 x 10 cm (W x L)) 

• 10x Tris/Glycine/SDS Buffer (Biorad, cat. no. 161-0732) 

• 4X Laemmli buffer (Biorad, cat. no. 1610747) 

• Protein marker (Blue Star Pre-stained Protein Marker, Nippon Genetics, Japan, 

cat. no. MWP03) 

• Immun-Blot® PVDF membrane, precut, 7 x 8.4 cm (Biorad, cat. no. 1620174)  

• Extra thick blot filter paper, precut, 8 X 13.5 cm (Biorad, cat. no. 1703966)  

• Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell (Biorad, cat. no. 1703940) 

• Primary antibodies: Histone H3 – nuclear loading control rabbit pAb (Abcam, Australia, 

cat. no. ab1791), Histone H3K4me3 antibody rabbit pAb (Active Motif cat. no. 39915), 

Histone H3K27me3 antibody rabbit pAb (Active Motif cat. no. 39155) 

• Goat anti-rabbit IgG HRP conjugated secondary antibody (Santa Cruz Biotechnology, 

cat. no. SCZSC-2030) 

• Pierce™ ECL Western Blotting Substrate (Thermo Scientific, Australia, cat. no. 32109) 

• ChIP kit plant (Abcam, cat. no. ab117137) 

• NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (New England Biolabs, 

cat. no. NEB.E7645G). 

• NEBNext® Multiplex Oligos for Illumina® (New England Biolabs, cat. no. NEB.E7335G). 
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• Agentcourt AMPure XP beads (Beckman Coulter Life Science, USA, cat. no. A63881) 

• 4',6-Diamidino-2-Phenylindole dihydrochloride (DAPI, Sigma, cat. no. 102M4012V) 

4.3.3 Equipment 

• Vacuum chamber 

• Vacuum pump 

• Aluminium foil 

• Conical tubes (50 mL and 15 mL) 

• Mortar and pestle 

• Rotator 

• Vortex (Velp Scientifica, Italy) 

• ULTRA-TURRAX homogeniser (model T25 basic, IKA, Germany) 

• Refrigerated centrifuge (model 5810R, Eppendorf) 

• Fix-angle rotor (model F45-30-11 and F34-6-38, Eppendorf) 

• Microcentrifuge tube (1.5 and 2 mL) 

• Focus-ultrasonicator (model S220, Covaris, USA) 

• miliTUBE 1 mL AFA fibre (Covaris, cat. no. 520130) 

• Hot water bath (model B-491, Buchi, Switzerland) 

• NanoDrop (model ND-1000, Thermo Fischer Scientific, Australia) 

• Qubit fluorometer (model Qubit 3.0, Thermo Fischer Scientific, Australia) 

• Bioanalyzer (Agilent 2100 bioanalyzer, Agilent, Australia) 

• Electrophoresis system (Mini Gel II, Select BioProduct, USA) 

• Mini-PROTEAN Electrophoresis system (Biorad) 

• ChemiDoc MP system (Biorad) 

• DynaMag™-2 Magnet (Thermofischer scientific, cat. no. 12321D) 
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• Axioscope optical microscope (Zeiss, Oberkochen, Germany) equipped with plan-neofluar 

objectives, UV or blue epi-illumination and differential interference contrast filters. 

• Axiocam digital camera (Zeiss Oberkochen, Germany) 

4.3.4 Reagent preparation 

• Formaldehyde (16%) Dissolve 4 grams of paraformaldehyde in 21 mL of water and add 1µL 

NaOH (10 M). Stir and heat (no more than 68 °C) until in solution. Let cool to room 

temperature and bring the solution to a final volume of 25 mL. 

• Sucrose, 2M Dissolve 68.46 grams of sucrose in 56 mL water. Stir and heat until in solution 

and bring to a final volume of 100 mL. Freshly prepare the solution prior to experiment. 

• Glycine, 2M Dissolve 15 grams of glycine in 80 mL of water. Stir until in solution and bring 

to a final volume of 100 mL. Store solution at 4 °C and allow solution to reach room 

temperature (RT) before use. 

• 10X Protease Inhibitor Dissolve cOmplete protease inhibitor, EDTA-free in 5 mL water or 

dissolve cOmplete protease inhibitor, mini-tablet, EDTA-free in 1 mL water. Vortex until in 

suspension. Freshly prepare the suspension prior to experiment. Keep at 4 °C. 

• Triton X-100, 10% (v/v) Dissolve 5 mL of Triton X-100 in 40 mL water. Stir slowly until in 

solution and bring to a final volume of 50 mL. Store at Store solution at 4 °C. 

• NaCl, 5 M Dissolve 29.22 grams of NaCl in 80 mL water. Stir until in solution and bring to 

a final volume of 100 mL. Autoclave and store solution at RT. 

• SDS, 10% (w/v) Dissolve 10 grams of SDS in 80 mL water. Stir slowly and heat until in 

solution. Bring the solution to a final volume of 100 mL. Autoclave and store solution at RT. 

• Buffer 1 contains 0.4 M sucrose, 10 mM Tris-Cl, 2.5% (w/v) PVP-40, 5 mM β-

mercaptoethanol, 1× Roche cOmplete protease inhibitor, EDTA-free. Freshly prepare the 

buffer prior to experiment. Pre-chilled before use. Add β-mercaptoethanol and protease 

inhibitor to the buffer before use. 
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• Buffer 2 contains 0.25 M sucrose, 10 mM Tris-Cl, 10 mM MgCl2, 1% (v/v) Triton X-100, 5 

mM β-mercaptoethanol, 1× Roche cOmplete protease inhibitor, EDTA-free. Freshly prepare 

the buffer prior to experiment. Pre-chilled before use. Add β-mercaptoethanol and protease 

inhibitor to the buffer before use. 

• Buffer 3 contains 1.7 M sucrose, 10 mM Tris-Cl, 0.15% (v/v) Triton X-100, 5 mM β-

mercaptoethanol, 1× Roche cOmplete protease inhibitor, EDTA-free. Freshly prepare the 

buffer prior to experiment. Pre-chilled before use. Add β-mercaptoethanol and protease 

inhibitor to the buffer before use. 

• Lysis buffer contains 50 mM Tris-Cl, 10 mM EDTA, 0.1% (v/v) SDS, 1× Roche cOmplete 

protease inhibitor, EDTA-free. Freshly prepare the buffer prior to experiment. Pre-chilled 

before use. Add protease inhibitor to the buffer before use. 

• Ethanol, 70% (v/v) add 30 mL of water into 70 mL of absolute ethanol. Prepare solution 

prior to experiment. 

• Tris-EDTA buffer with low EDTA (TE-lowE) TE-lowE contains 10 mM of Tris-Cl and 0.1 

mM EDTA pH.8. Store solution at 4 °C. 

• Transfer buffer Transfer buffer contains 39 mM glycine, 48 mM tris base, 0.05%(v/v) SDS, 

20% (v/v) methanol. Adjust pH to 8.3 and store at 4 °C. 

• Tris-buffered saline (TBS) 10X Dissolve 24.23 grams of Tris base and 80.06 grams of NaCl 

in 800 mL water. Stir until in solution and adjust pH to 7.6 with HCl. Bring the solution to a 

final concentration of 1 L. 

• Tris-buffered saline with tween (TBST) TBST contains 1X TBS, 0.5% (v/v) Tween-20. Stir 

slowly. Store buffer at 4 °C. 

• Blocking buffer Dissolve 5% (w/v) non-fat milk in TBST. Stir until in suspension and keep 

at RT. Prepare buffer prior to experiment. 

• DAPI, 1 mg/mL Dissolve 1 mg of DAPI dye in 1 mL water. Vortex until in solution. Keep 

in dark at 4 °C.  
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4.4 Chromatin immunoprecipitation procedure 

Tissue collection 

1. The buds from node 4 to 7 were excised from the cane and dissected into half, longitudinally, to 

increase surface exposed to crosslinking buffer then immediately immersed in a fixative solution. 

We used whole buds in this experiment for the convenience of bud harvesting. 

Crosslinking 

2. Immediately put the bud into conical tube contains 25 mL CROSSLINKING BUFFER, repeat 

this until 100 buds are obtained (ca. 2.5 grams). Crosslink the buds for a total of 15 minutes under 

cycled vacuum infiltration (5 min/ release/ mix, repeat three times) at room temperature. 

NOTE: Excessive exposure to crosslinking agents may result in inefficient DNA 

fragmentation and protein denaturation. Since buds need to be excised from the canes for this 

experiment, it took some time to harvest 5-10 grams of buds. We suggest cutting as many 

buds as possible in 30 minutes then immediately proceed with vacuum infiltration. In our case, 

we handled 100 buds at a time. 

3. Quench the crosslinking reaction by addition of 2 M glycine to a final concentration of 200 mM, 

followed by 5 minutes cycled vacuum. 

4. Rinse crosslinked tissue with water twice. Dry tissue between absorbent paper then put them on 

the foil. 

5. Snap freeze tissue in liquid nitrogen and store at -80 °C until required. 

Nuclear isolation 

Unless otherwise indicated, all step must be performed at 4 °C, and the sample must be kept on ice 

all the time. 

6. Grind crosslinked buds to a fine powder in liquid nitrogen using mortar and pestle. Always grind 

a small amount of tissue at a time, then collect powder into a new 50 mL conical tube. Repeat 

grinding until all 10 grams of crosslinked buds are ground. The conical tube must be kept on dry-

ice all the time. 
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NOTE: one 50 mL canonical tube is suitable for 5 grams of tissue powder. When working 

with 10 grams tissue, split the ground powder into two new tubes.  

7. Mix the powder with seven volumes of BUFFER 1 in 50 mL conical tube (e.g. 35 mL for every 

5 grams tissue). Homogenize using a vortex and an ULTRA-TURRAX homogenizer at 9000 rpm 

for 15 seconds. Further mix suspension in rotating wheel for 20 minutes at 4 °C. 

NOTE: Complete homogenisation is important to get a maximum DNA yield. 

CHECKPOINT: Comparing DNA yield obtained from vortex homogenization vs ULTRA-

TURRAX may be needed to optimise the homogenisation method. 

8. Pass the mixture through three layers of Miracloth saturated with Buffer 1 into new 50 mL conical 

tube. Squeeze the Miracloth to collect all the liquid. 

9. Centrifuge suspension at 2,880 g for 10 minutes at 4 °C. Discard supernatant. 

10. Gently resuspend pellet in 2 mL of BUFFER 2 and transfer suspension into a new 2 mL 

microcentrifuge tube. 

11. Centrifuge suspension at 12,000 g for 10 minutes at 4 °C. Discard supernatant. 

12. Repeat step 10 and 11 once. 

13. Gently resuspend pellet in 500 µL of BUFFER 3. Carefully layer the suspension on top of 1.5 mL 

of BUFFER 3 in a new 2 mL microcentrifuge tube. 

NOTE: Pellet may be difficult to resuspend. A disposable tissue grinder pestle can be used to 

carefully loosen the pellet followed by pipetting up and down. 

14. Centrifuge sample at 16,000 g for 60 minutes at 4 °C. Discard supernatant. 

15. Gently resuspend pellet in 700 µL of LYSIS BUFFER. Take 50 µL for the no-sonication control 

and keep the resuspended pellet on ice.  

CHECKPOINT: check yield of DNA and validate antibody (Supplementary 

Information S4.1 and S4.2). 
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CHECKPOINT: Nuclei integrity can be checked by adding DAPI dye to a final 

concentration of 10 mg/mL and examine nuclei using an epiluminescence microscope 

(Figure 4.7). 

DNA fragmentation 

16. Transfer nuclei suspension into miliTUBE being sure to fill the tubes with lysis buffer (a little 

more than 1 mL per tube). 

17. Sonicate the DNA in Covaris S220 focus-ultrasonicator for 12 minutes following manufacture’s 

setting for high cell chromatin shearing, i.e. 5 % Duty Cycle, 4 intensity, 140 W peak incident 

power, 200 cycles per burst, 6 °C bath temperature, frequency sweeping power mode, continuous 

degassing mode, and level 8 water. Transfer sonicated DNA into a new 1.5 mL. 

CHECKPOINT: Take 50 µL aliquots after 6, 8, and 10 minutes to compare DNA 

fragmentation and each time replace with the same amount of lysis buffer (Figure 4.8). Keep 

sample on ice. 

18. Centrifuge sonicated and non-sonicated DNA at 16,000 g for 10 minutes at 4 °C. Transfer clean 

supernatant into a new 1.5 mL microcentrifuge tube. 

19. Proceed immediately to step 20 for chromatin immunoprecipitation. DNA can be stored at – 20 °C 

and proceed to Supplementary Informantion S4.1 for DNA fragmentation efficiency 

examination. 

Chromatin immunoprecipitation and reverse crosslinking 

The following chromatin immunoprecipitation and reverse crosslinking procedure are adapted from 

ChIP kit plant from Abcam with some modification. 

20. Determine the number of strip wells required. Leave these strips in the plate frame (remaining 

unused strips can be placed back in the bag. Seal the bag tightly and store at 4 °C).  

21. Wash strip wells once with 150 μL of WASH BUFFER. 

22. Add 100 μL of the ANTIBODY BUFFER to each well and then add the antibodies: 

• 3 μg of an antibody of interest (H3K27me3 and H3K4me3). 



137 

 

• 2 μg of anti-histone H3 as a positive control. 

NOTE: ChIP typically requires 1-10 µg per ChIP reaction. Optimising the amount used per 

reaction is a further variable to consider, however here the amount chosen followed 

manufacturer recommendations.  

In our experiment with grapevine buds, three reactions (wells) were prepared for each histone 

H3 modified antibody and two reactions for histone H3 antibody (Figure 4.3). 

 

Figure 4.3. ChIP assay plate map. Incubation of chromatin and antibodies is done in an assay-well provide in 

Abcam’s ChIP kit plant. Each well is designed for one ChIP reaction using 100 µL fragmented DNA. In our 

experiment, multiple wells were used per antibodies, i.e. 2-well for anti-histone H3 (blue) and 3-well each 

for anti-Histone H3K4me3 (orange) and anti-Histon H3K27me3 (green), with each column represent a 

different sample. 

23. Cover the strip wells with Parafilm M and incubate at room temperature for 90 minutes. 

24. After incubation, remove the incubated antibody solution and wash the strip wells three times 

with 150 μL of the ANTIBODY BUFFER by pipetting in and out. 

25. Remove 15 μL of chromatin aside to a 0.5 mL vial. Label the vial as “input DNA” and then place 

on ice. 

NOTE: the amount of input DNA is 5 % from the total volume of chromatin used per histone 

H3 modifies antibodies, i.e. 5 % from 300 µL. 

26. Transfer 100 μL of chromatin from step 19 to each antibody-bound strip well. Two and three 

reactions (wells) are used for Histone H3 and Histone H3-modified immunoprecipitation. 
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NOTE: Concentration of SDS in LYSIS BUFFER (step 15) is 0.1 %; therefore, no sample 

dilution needed. 

27. Cover the strip wells with Parafilm M and incubate at 4 °C for overnight on an orbital shaker 

(50-100 rpm). 

28. Remove supernatant. Wash the wells six times with 150 μL of the WASH BUFFER. Allow 

2 minutes on a rocking platform (100 rpm) for each wash. 

29. Wash the wells once (for 2 minutes) with 150 μL of 1X TElowE BUFFER. 

30. Add 40 μL of the DNA Release mix, containing 1 µL Proteinase K (10 mg/mL) and 40 µL DNA 

RELEASE BUFFER, to the samples (including the “input DNA” vial). 

31. Cover the sample wells with strip caps and incubate at 65 °C in a water bath for 15 minutes. 

Following incubation at 65 °C do a quick spin to collect all suspension at the bottom of the plate. 

32. Add 40 μL of the REVERSE BUFFER to the samples and to a vial labelled as “input DNA”; 

mix and re-cover the wells with strip caps and incubate at 65 °C in a water bath for 90 minutes. 

Quick spin plate at RT. 

33. Combine solution from the same histone antibody (2 wells for Histone H3 and 3 wells for Histone 

H3 modified). 

DNA purification with AMPure Beads 

34. Add 1.8X volume of AMPure XP beads to IP enriched and input DNA. 

NOTE: This step will bind DNA fragments size from 100 bp and larger. 

35. Mix reagent and sample thoroughly by pipette mixing ten times. 

36. Let mixed samples incubate for 15 minutes at room temperature for maximum recovery. 

NOTE: pipette mixing is preferable to vortexing as it tends to be more reproducible. The 

colour of the mixture should appear homogenous after mixing. 

37. Place on a magnetic rack for 5 minutes (wait for solution to clear before proceeding to the next 

step). 

38. With tube still in the magnetic rack, aspirate the clear solution from tube and discard. 
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39. Keep the sample in magnetic rack and add 1 mL of freshly prepared 70 % ethanol. 

40. Incubate for 30 seconds at room temperature. Aspirate out the ethanol and discard. 

41. Repeat step 40-41 once. 

42. Illumina recommended at least 15 minutes drying time but longer drying time may be required. 

NOTE: ensure all traces of ethanol are removed but avoid over-drying the beads, which will 

significantly decrease elution efficiency (beads will appear cracked if over dried). 

43. Remove the tube from the magnetic rack, add 10 μL TElowE and pipet up and down several times 

until pellet beads are completely resuspended. 

NOTE: Standard TE must not be used at this step. 

44. Incubate at room temperature for 2 minutes. Place in the magnetic rack for 5 minutes. 

45. Transfer 9 μL of the supernatant to a 0.2 mL PCR tube. 

46. Repeat step 44-46 once. DNA is now ready for use or store at – 20 °C. 
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Sequencing 

The library was constructed using NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® 

following the manufacturer’s low-input ChIP-seq protocol (Supplementary Information S4.3). The 

library for input and histone H3-enriched DNA each from March (water- and H2CN2-treated), May 

and August samples were sequenced at Genewiz Genomics Centre (Suzhou, China) as pair-end (PE), 

150 bp for an average of 40 million of reads per sample. Raw reads were trimmed for quality and 

adaptors using Trimmomatic v0.39 (Bolger et al., 2014). Post-trimming read quality was assessed 

using FastQC and results were aggregated using MultiQC (Ewels et al., 2016). The remaining reads 

were mapped to the 12X V1 Vitis vinifera PN40024 reference genome (Jaillon et al., 2007) using the 

Burrows-Wheeler Aligner (BWA) (Li et al., 2009). Peak calling was conducted using MACS2 

software version 2.1.0 (https://github.com/taoliu/MACS) with cut off q-value < 0.05. The 

annotatePeaks.pl algorithm of the HOMER (Hypergeometric Optimization of Motif EnRichment) 

suite of tools (Heinz et al., 2010) was used to annotate the peaks. DeepTools (Ramírez et al., 2016) 

was used to process the mapped reads data for creating normalized coverage files in standard 

bedGraph and bigWig file formats for visualisation and comparison between different files. 

Functional category enrichment was performed for genes that were enriched by histone H3. The 

topGO package (Alexa and Rahnenfuhrer, 2010) and REVIGO (Supek et al., 2011) were performed 

as previously described in Chapter 3, to assess functional category enriched at each condition, i.e. 

March, May, and August. 

4.5 Results and Discussion 

4.5.1 Crosslinking by vacuum infiltration 

Infiltration with 15 minutes cycled vacuum (5 min vacuum/release/mix × 3) and without vacuum was 

compared to determine a suitable infiltration method for grapevine buds. Complete infiltration was 

indicated by the movement of buds to the bottom of the tube as the buds’ density become higher after 

infiltration of crosslinking buffer (Figure 4.4). A short incubation duration for crosslinking is 

preferred in a ChIP experiment. Established protocol with yeast (Shivaswamy and Iyer, 2007), alga 

https://github.com/taoliu/MACS
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(Strenkert et al., 2011), animal (Browne et al., 2014) or plant (Li et al., 2014a) cells usually apply 10-

30 minutes incubation for crosslinking procedure. Referring to this literature, we limit the 

crosslinking duration to a maximum of 30 minutes and suggest performing crosslinking in batches, 

i.e. 15 minutes for excising buds from the canes followed by 15 minutes crosslinking. 

 

Figure 4.4. Fixative infiltration optimisation. Buds were cut into half before immersed into the fixative 

solution. Left: cycled vacuum was applied by performing three cycles of 5 minutes vacuum, release, and mix 

at room temperature. Right: a stopper (light purple) was placed on top of the solution to keep the sample 

submerged in the fixative solution the tubes were left on a rotator for 8 hours at room temperature. An 

efficient penetration of the fixative was evident after vacuum indicates by increasing of the bud density which 

causes buds sunk into the bottom of the tube. Cycled vacuum method also allows short crosslinking process 

which is preferred for ChIP analysis. 

The phenol:chloroform:isoamyl alcohol solution separates nucleic acid and protein based on its 

solubility in the solvents, i.e. nuclei acid is soluble in aqueous phase while protein in organic phase. 

Excessive crosslinking or ineffective reverse crosslinking will reduce the amount of DNA in the 

aqueous phase because the protein-DNA complex will be soluble in the organic phase instead. 

Crosslinking efficiency of our protocol was then assessed by comparing the amount of DNA in the 

aqueous phase from crosslinked and non-crosslinked bud, treated with or without reverse 

crosslinking. In non-crosslinked bud (Figure 4.5, lane 1-3), DNA was soluble in the aqueous phase 

with or without reverse crosslinking treatment. In contrast, when crosslinking was performed, DNA 

can only be recovered from the aqueous phase if reverse crosslinking procedure was conducted 
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(Figure 4.5, lane 6). The overnight reverse crosslinking procedure can be done as an alternative to a 

shorter duration without affecting DNA recovery (Figure 4.5, lane 7). Absence of DNA at lane 5 

confirmed the successful crosslinking procedure which maintains the protein-DNA interaction, while 

the presence of DNA at lane 6-7 demonstrates the efficiency of our crosslinking allowing release of 

DNA from protein. 

 

Figure 4.5. Crosslinking and reverse crosslinking efficiency. Nuclear extract was prepared from grapevine 

buds without (–) crosslinking and with (+) crosslinking treatment. Grapevine buds were crosslinked in 

crosslinking buffer containing 1% formaldehyde for 15 minutes (3×5 minutes vacuum cycles) at room 

temperature. The sample was reverse crosslinking (+RC) for 4 hours and over the night (O/N) or not (–RC). 

DNA was purified using phenol/chloroform extraction followed by ethanol precipitation. DNA recovery was 

compared between samples with and without crosslinking. 

4.5.2 Chromatin yield and nuclei integrity 

A high concentration of detergent is generally avoided due to the potential disruption of antigen-

antibody interaction (Li et al., 2014a). However, using a lower detergent concentration, DNA yield 

is potentially reduced as shown in our observation (Figure 6, lane 1, 3, and 5). Thereby, most ChIP 

protocols use 1 % SDS in lysis buffer and further dilute the chromatin suspension after DNA 

fragmentation to reduce the SDS concentration to 0.1%. We also obtained the highest DNA yield 

using 1 % SDS (Figure 6, lane 3-4); however, a considerable increase of DNA yield was observed 

after application of 6 minutes of sonication in sample lysed using low detergent concentration 

(Figure 4.6, lane 1-2 and 5-6). This result showed that the use of high detergent concentration for 

cell lysis could be avoided if sonication is used for DNA fragmentation. Development of a standard 
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ChIP protocol using animal cells demonstrates that mild sonication can help to separate clumping 

cells which then improve cell lysis process and increased DNA yield (Arrigoni et al., 2015). 

Aggregated nuclei is also a common problem when isolating nuclei from tissue with high tannic acid 

content (Loureiro et al., 2006). An aliquot of six minutes sonicated nuclei suspension (section 4.4, 

step 17) was stained with DAPI (1 µg/ mL) and subjected to microscopic observation to assess the 

integrity of the nuclei. The micrograph showed a uniform, intact and well-separated nucleus 

(Figure 4.7). 

 

Figure 4.6. The combination of type and concentration of detergent in the lysis buffer and application of 

sonication resulted in a different yield of DNA. L: 1Kb DNA ladder (Promega #G5711) in 1% agarose gel, DNA 

quantification was performed using a NanoDrop 1000. 

 

Figure 4.7. Nuclei integrity assessment by examination under a microscope. DAPI stain DNA specifically at 

the A-T rich region and will emit blue fluorescence light which can be observed using an epiluminescence 

microscope. The image was taken using DAPI filter (exciter filter BP 365/12, chromatic beam splitter FT 395, 

and barrier filter LP 397). Bar = 5 µm 
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4.5.3 DNA fragmentation 

A sonicator setting to produce an average of 300 bp fragment was used, following the default setting 

provided by Covaris S220 Focussed-ultrasonicator manufacture. In general, short DNA fragments 

were gradually accumulated as sonication duration increased (Figure 4.8). After 8 minutes of 

sonication, the average fragment size was not changed coincided with an increase of fragment within 

200-400 bp range.  

 

Figure 4.8. Optimisation of chromatin fragmentation. Chromatin fragmentation was optimised to obtain 

suitable DNA fragment size for ChIP-seq, i.e. 200-400 bp. Chromatin extracted using 0.1% (A) and 1% SDS (B) 

were sonicated for 6 (blue), 8 (yellow) and 10 (green) minutes. Distribution of DNA fragment size was 

analysed using Agilent Bioanalyzer. Accumulation of smaller DNA fragment was linear to sonication duration 

with suitable average fragment size was obtained after 8 minutes, and more accumulation of fragment size 

from 200-400 bp observed after 10 minutes sonication. 

We suggest that in addition to improving cell lysis (as described earlier), our sonication setting 

affected long DNA more than short DNA. By increasing the duration of sonication, the accumulation 

of DNA fragments in the 200-400 bp range increased without causing further fragmentation of the 

short DNA. Taken together, the addition of PVP into the homogenisation buffer, tissue 

homogenisation with ULTRA-TURRAX and the addition of 0.1% SDS in the lysis buffer gave the 

maximum DNA yield, and 10 minutes sonication was optimal to shear grapevine chromatin into a 

suitable size for sequencing. Since library construction may increase bias toward short DNA 

fragments due to size selection during library construction (usually within 150-300 bp range), we 

concluded that 12 minutes was an optimal duration. 
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4.5.4 Antibody validation 

We chose antibodies for histone H3, H3K4me3, and H3K27me3 on the basis of existing public data 

on the specificity, in order to meet at least one of the selection criteria. The antibodies chosen had 

been shown to specifically recognise the antigen in HeLa cells by the manufacture, in various human 

or mouse tissue by the ENCODE project and used in ChIP analysis in barley (Baker et al., 2015b). 

Antibody recognition in grapevine buds was confirmed by Western blot analysis of grapevine buds 

nuclear extract recognising a ~ 17 kDa band corresponding to predicted molecular weight of histone 

H3 and H3K4me3. The ImageJ software was used to estimate the signal intensity produced by each 

antibody (data not shown).  

 

Figure 4.9. Representative western blotting assay for ChIP-antibody validation. Three antibodies used in ChIP 

assay were used for immunoblotting against nuclear extract prepared from grapevine buds and recombinant 

histone H3 at the concentration indicated in the image above. All antibodies were considered to pass 

validation test with detection of histone H3 protein and negative signal in H3K4me3 and H3K27me3 protein 

at 40 ng.  

Immunoblot against anti-histone H3 showed detection limit of the antibody is around 40 ng and 200 

µg nuclear extract containing a little less than 320 ng histone H3 protein (Figure 4.9, panel 1). Anti-

H3K4me3 passed the test showing absence of signal against 40 ng recombinant histone H3 protein 

(unmodified), and nuclear signal was about the half of nuclear signal produced against histone H3 

antibody (Figure 4.9, panel 2). A false-positive signal observed against 320 ng recombinant histone 

H3 protein was observed; however, the intensity of the signal is no more than one-tenth the nuclear 

signal. No signal was observed in the nuclear extract tested against the anti-H3K27me3. We recognise 
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that the lack of signal did not definitively indicate failure of the antibody, as this may result from a 

low abundance of the modified histone in the tissue used for this test (Figure 4.9, panel 3). 

4.5.5 Yield of immunoprecipitated-DNA 

First, three different methods to purify the immunoprecipitated-DNA were tested in which the lowest 

DNA recovery was produced by column purification method while the paramagnetic beads (AMPure 

XP) resulted in the highest DNA yield (Table 4.1). Therefore, we substitute the column purification 

from the original Abcam ChIP kit protocol with purification using AMPure XP beads (section 4.4, 

step.35-47). 

Table 4.1. The yield of DNA using three different purification method. 

Purification method 
DNA conc.* DNA yield 

(ng/µL) (µg/grm) 

Abcam kit column purification 0.71 0.14 

Phenol/Chloroform/Isoamyl alcohol 6.56 1.31 

AMPure XP beads 31.53 6.31 

Note: DNA concentration was measured using Qubit fluorometer 

Generally, we enriched 10 % of input DNA by histone H3 and only 1 % by modified histone H3 

antibody using 5- or 10-grams buds to performed ChIP experiment for 3 antibodies, (Table 4.2). The 

amount of enriched-DNA from the modified histone H3 was considered too low for protocol 

validation using quantitative polymerase chain reaction (ChIP-qPCR) or conventional library 

construction for several reasons. First, our qPCR titration experiment showed that the lowest DNA 

concentration that can be detected by the qPCR machine should be no less than 0.1 ng/ µL 

(Supplementary Information Table S4.1). 

Second, there was no available positive control DNA target region for native- or modified-histone 

H3 in grapevine that could be used for ChIP protocol validation by qPCR. Lastly, library construction 

results were highly variable when the DNA template was less than five ng. Based on these results, 

we suggest that 10 grams of buds (± 400 buds) may be sufficient for one ChIP experiment only, i.e. 
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immunoprecipitation of one protein of interest (e.g. modified histone H3) and one control (e.g. histone 

H3 or IgG).  

Table 4.2. The average yield of input and ChIP-enriched DNA resulted from ChIP experiment using 5 and 10 

grams of buds tissue for chromatin extraction (n = 3). 

Sample name  
5 grams 10 grams 

Yield (ng) Yield (ng) 

MH_input 274.8 398.7 

MH_histone H3 32.0 29.9 

MH_H3K4me3 1.1 3.2 

MH_H3K27me3 6.2 3.2 

MW_input 305.6 412.2 

MW_histone H3 28.2 36.8 

MW_H3K4me3 1.3 2.8 

MW_H3K27me3 1.9 3.5 

May_input 244.7 305.3 

May_histone H3 19.6 24.5 

May_H3K4me3 1.1 2.4 

May_H3K27me3 2.8 2.9 

Aug_input 264.4 285.7 

Aug_histone H3 16.7 13.4 

Aug_H3K4me3 0.9 2.5 

Aug_H3K27me3 1.4 2.3 

Abbreviations: MH, March H2CN2 treated buds, MW, March water treated buds. 

Note: On May and August buds were only treated with water. 

4.5.6 Histone H3 occupancy 

We generated an average 40 million 150 bp paired end reads from one replicate each of the histone 

H3-enriched and input DNA libraries of water-treated March (3W), May (5W), August (8W), and 

H2CN2-treated March buds (3H) buds. Although statistical comparisons cannot be made, it is 

worthwhile describing the trends. About 90 % of reads remained following trimming and were 

mapped uniquely to the grapevine reference genome (Supplementary Information Table S4.2). 

Nucleosome (histone octamer) occupancy and positioning have been suggested to play important 
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roles in regulating gene expression and many additional DNA-related processes (Struhl and Segal, 

2013). Studies of nucleosome occupancy and positioning in animals, yeast, and plant cells have 

demonstrated a bias in nucleosome occupancy positioning towards regions proximal to the 

transcription start site (TSS) (Mavrich et al., 2008; Schones et al., 2008; Lee et al., 2017; Zhang et 

al., 2019). Here, we showed a peak binding distribution of histone H3 at regions 4000 bp up- and 

down-stream of TSS in each condition. The highest occupancy was observed at the genic (exon, 

intron, or intergenic) region (Figure 4.10A). This is consistent with genome-wide nucleosome 

occupancy studies in yeast, mammalian and plant systems showing that the genomic sequence of 

nucleosome organisations is highly predictive and is mostly depleted in the promoter or transcription 

termination sites (Field et al., 2018; Fenouil et al., 2012; Liu et al., 2015). In yeast, nucleosome 

depletion was found in the homopolymers of deoxyadenosine nucleotides (poly (dA:dT) tracts) 

regions, suggesting that the structure of poly (dA:dT) tracts may be resistant to the bending and 

twisting deformation required to wrap DNA around nucleosomes (Field et al., 2008; Segal and 

Widom, 2009 and the reference therein). On the contrary, in mammalian and plant tissues, promoter 

regions are mostly GC-rich, hence the nucleosome depletion is tightly associated with CpG islands 

(Fenouil et al., 2012; Liu et al., 2015). 

ChIP peak calling analysis identified a different number of peaks at each condition, with the highest 

found in the May and H2CN2-treated March conditions, and the lowest in the water-treated March 

and August conditions (Figure 4.10A). Differential expression and abundance of histone H3 is also 

known to correlate well with DNA synthesis and cell cycle activities, showing highest abundance 

during early embryogenesis in Drosophilla (Shindo and Amodeo, 2019), or in cycling cells of plant 

meristems (Kaparos et al., 1992; Terada et al., 1993; Sano and Tanaka, 2005) and at low abundance 

in quiescent apical buds (Singh et al., 2009). Annotation of the DNA associated with the histone H3 

peaks identified 129, 1691, 291, and 1207 genes for the 3W, 5W, 8W and 3H conditions 

(Supplemental Information Table S4.3). 
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A comparison between nucleosome occupancy and gene expression in Arabidopsis showed that genes 

with higher transcript abundance tend to be relatively unoccupied by nucleosomes at the promoter 

area but relatively enriched in the genic region immediately downstream of the TSS (Valouev et al., 

2011; Li et al., 2014b). We then restricted the Venn analysis and gene ontology (GO) enrichment to 

gene identifiers that were only enriched at the genic region (not the promoter region). The Venn 

diagram analysis shows that only few genes were commonly identified across samples, except for the 

May condition (5W) and March H2CN2 treatment (3H), with 247 common genes (Figure 4.10C). 

The GO enrichment for gene identifiers at each condition is summarised using Treemap generated by 

REVIGO (Supplemental Information Figure S4.1 and S4.2). Relatively few biological processes 

were enriched in water-treated March and August condition buds by comparison with the May 

condition and buds treated with H2CN2. Categories related to meristem developmental state were 

enriched in water-treated March and May condition represented by embryonic morphogenesis 

(GO:0048598) in March and post-embryonic development (GO:0009791) in May. Meanwhile, the 

response to cold (GO:0009409) category was enriched coincident with prolonged exposure to cold in 

the August condition. Enrichment of categories related to cell growth (GO:0016049) and cell 

differentiation (GO:0030154) was seen in H2CN2-treated buds (Supplemental Information 

Table S4.4), suggesting regulation of growth at multiple levels. Further, we performed GO 

enrichment for the common gene identifiers found in May and H2CN2-treated buds (Figure 4.11, 

Supplemental Information Table S4.5). The results showed enrichment of categories related to 

response to starvation (GO:0042594), post-embryonic development (GO:0009791), and the 

regulation of phase transitions from vegetative to reproductive (GO:0048510) in both conditions. The 

genes associated with the enriched category were found to be involved in autophagy, flowering time, 

reactive oxygen species detoxification, sugar signalling, ABA-mediated signalling, and pleiotropic 

responses (Table 4.3). Taken together, these results are consistent with the rapid increase in the 

capacity to resume growth (decline in BB50) observed in Chapter 2 and wide transcriptional response 

to stimulus observed in Chapter 3. 



150 

 

 

Figure 4.10. Chromatin immunoprecipitated-DNA peak analysis. (A) Distribution of histone H3 peaks along Vitis vinifera genome at each condition. (B) The average 

profile of ChIP peak binding at the transcription start site (TSS) region showing read count frequency range from -4000 to 4000 bp. (C)The Venn diagram of genes 

identified downstream TSS from buds collected in March, May, August treated with water and March buds treated with H2CN2. 
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Figure 4.11. Functional category enrichment of genes associated with histone H3 commonly found in May, water-treated buds and March, H2CN2-treated buds. The 

highly redundant list of gene ontology (GO) terms is summarised and visualised using the TreeMap of REVIGO. The TreeMap view show two hierarchical level of GO 

terms. First, the semantically similar terms are grouped to a representative subset (a non-redundant terms) visualised in a single rectangular. Second, the 

representative subsets are then clustered into a more general terms (printed over the box graphic) visualised by colours. Box size reflects the p-value of each non-

redundant term. 



152 

 

Table 4.3. Gene associated with an enriched category of the common genes found in May and H2CN2-treated buds. 

Vv.ID At.ID Associated GO category Functional.annotation Note Reference 

VIT_17s0000g07160 AT5G61150 Response to abiotic 

stimulus, response to heat 

(vernalization response) 

Vernalization 

independence 4 (VIP4) 

Cold-independent regulator 

of flowering-time genes 

Zhang and Nocker 2002 

VIT_17s0000g09980 AT3G48430 Post-embryonic 

developmental, 

developmental process, 

histone modification 

Relative of early 

flowering 6 (REF6) 

regulating flowering time 

through histone modification 

at Flowering Locus C (FLC) 

chromatin and demethylate 

histone 3 lysin 27.  

Noh et al., 2004; 

Lu et al., 2011 

VIT_05s0124g00250 AT2G31650 Post-embryonic 

developmental, 

developmental process, 

histone modification 

Histone-lysine N-

methyltransferase ATX1 

An Arabidopsis homolog of 

trithorax factor regulating 

flower organogenesis 

through histone 3 lysine 4 

trimethylation. 

Pien et al., 2008; 

Choi et al., 2014 

VIT_01s0011g02120 AT5G23150 Developmental process, 

regulation of timing of 

transition from vegetative 

to reproductive phase 

Enhancer of AG-4 2 

(HUA2)) 

Activate FLC expression and 

enhance AGMOUS function 

Chen and Mayerowitz, 

1999; 

Doyle et al., 2005 

      

VIT_02s0012g01930 AT1G32230 Post-embryonic 

developmental, 

developmental process, 

Radical-induced cell 

death1 (RCD1) 

Involved in stress-induced 

morphogenic response 

(SIMR) and maintaining 

Teotia and Lamb, 2011; 

Brosche et al., 2014 
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Vv.ID At.ID Associated GO category Functional.annotation Note Reference 

response to abiotic 

stimulus, response to 

superoxide. 

meristematic fate by 

controlling redox balance. 

VIT_07s0104g00320 AT3G63080 Post-embryonic 

developmental, 

developmental process, 

response to stimulus. 

Glutathione peroxidase 

4 

Reactive oxygen species 

detoxification process 

Milla et al., 2003 

VIT_04s0044g01750 AT2G17420 Post-embryonic 

developmental, 

developmental process, 

thioredoxin reduction 

(response to superoxide). 

Thioredoxin reductase 2 Reactive oxygen species 

detoxification process 

Cha et al., 2015; 

Daloso et al., 2015 

VIT_14s0060g02380 AT3G62770 Response to starvation. Autophagy 18 ATG18d Required for autophagosome 

formation during nutrient 

deprivation or senescence 

and degradation of oxidase 

protein during oxidation 

stress. 

Xiong et al., 2005 and 

2007 

VIT_05s0077g02310 AT4G15900 Post-embryonic 

developmental, sugar 

mediated signaling 

pathway. 

PP1/PP2A 

phosphatases 

pleiotropic regulator 

PRL1 

A nuclear WD-protein 

functions as a pleiotropic 

regulator of glucose and 

Nemeth et al., 1998 
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Vv.ID At.ID Associated GO category Functional.annotation Note Reference 

hormone responses during 

development in Arabidopsis. 

VIT_18s0001g06310 AT1G78290 Response to abiotic 

stimulus. 

SnRK2-8 Involved in Abscisic Acid 

(ABA)-dependent growth by 

regulating expression of ABA 

insensitive 3 transcription 

factor 

Wu et al., 2019 
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4.6 Conclusion 

We have described the systematic optimisation of detail chromatin immunoprecipitation protocol for 

grapevine bud samples. The protocol was developed from the protocol published by Li et al. (2014a) 

and then modified according to optimisation results that we performed at each step of the ChIP 

protocol; this included the amount of starting material, crosslinking method, chromatin extraction 

condition, chromatin shearing duration, validation of antibody, and DNA purification method. 

Identification of histone H3 enriched DNA by sequencing provided an example for the potential use 

of this protocol to study the post-translational modification of histone H3 in the buds of grapevine. 

Comparing the results from nucleosome occupancy in yeast, human, and Arabidopsis we validated 

our ChIP experimental data. Our result is showing a similar pattern of histone H3 occupancy with 

those previously reported in a study with the histone octamer, i.e. higher preference occupation at 

down-stream TSS region. A functional category analysis of gene identifier at the genic region showed 

enrichment of process related to meristem development and response to environment condition at the 

time of sampling. 
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Supplementary Information 

 

 

Figure S4.1. Functional category enrichment of genes associated with histone H3 at March, water-treated 

buds and March, H2CN2-treated buds.  
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Figure S4.2. Functional category enrichment of genes associated with histone H3 at May, water-treated buds 

and August, water-treated buds. 
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5. General Discussion 

The overall objective of experiments described in this thesis was to extend the current knowledge of 

dormancy transition in Vitis vinifera Cabernet Sauvignon cultivar grown under Mediterranean climate 

and focusing our investigation on the summer dormancy phenomenon of the axillary buds. The key 

findings of Chapter 2-3 have developed the understanding of how cell division, ultrastructure and 

gene transcription were regulated in the March condition. In Chapter 4, differential occupancy of 

histone H3 along grapevine bud chromatin was assessed, as a preliminary study to explore further the 

role of post-translational modification of histone H3 in regulating the unconventional dormancy 

transition in grapevine buds. 

The identification of canonical cell cycle regulators in plants has enabled observation of cell cycle 

progression during development (Inzé and De Veylder, 2006). Using these molecular markers, it has 

been proposed that cell division is arrested at G1 phase of the cell cycle during dormancy or 

quiescence (Raz et al., 2001; Anderson et al., 2001; Horvath et al., 2003). This hypothesis has been 

extensively investigated in seed development but scarcely in perennial buds (Velappan et al., 2017 

Table 1). In Chapter 2, changes in the nuclear content of grapevine buds cv. Cabernet Sauvignon was 

observed from dormancy in summer to quiescence in autumn and winter to follow the mitotic 

activities during these times. Therein, I found that most of the cells in bud were arrested at G1 phase 

and that cell division activities remained absent even after buds entering quiescence state in autumn 

and winter. The cellular ultrastructure was observed to explore the relationship between the 

physiological state and morphology of the cells at the shoot meristem. 

Physiological and molecular studies of perennial trees have widely concluded that a decline in 

photoperiod induces growth cessation and bud set and that chilling accumulation orchestrates the 

release from dormancy (Rinne et al., 2010; Rohde et al., 2011; Singh et al., 2017; Maurya and 

Bhalerao, 2017). Although these patterns may predominate in most temperate or boreal perennials, 

cultivated grapevines (Vitis vinifera) display wide plasticity to climate (Pouget. 1963; Lavee and May, 
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1997). Several reports have revealed a pronounced but transient dormancy in summer, which is 

substantially released before natural chilling exposure. To date, transcriptional studies of dormant 

grapevine buds have neglected this phenomenon, focusing almost exclusively on the state of buds in 

autumn and winter. Chapter 3 of this thesis focused on the transcriptional state of grapevine bud in 

the summer condition, relative to autumn and winter. 

Gene expression is regulated by the interaction of nucleosome positioning, histone modification and 

DNA binding proteins. The nucleosome regulates the initiation of transcription by modulating the 

accessibility of transcription factors to DNA binding sites (Gregory and Horz, 1998; Morse, 2003). 

Conversely, transcription factors may modify chromatin packing through recruitment of enzymes that 

post-translationally modify the DNA or histones, which then alters accessibility to the DNA target 

site (Hassan et al., 2001; Kouzarides, 2002). The latter mechanism has been increasingly 

characterized in developmental contexts in plants, including perennial dormancy studies (Ríos et al., 

2014). Chromatin immunoprecipitation (ChIP) in combination with DNA microarray (ChIP-chip) or 

sequencing (ChIP-seq) has become the standard technique for genome-wide analysis of protein-DNA 

interactions. However, the technique is highly specific for each experimental condition. Protocol 

development for ChIP-seq with grapevine buds was described in Chapter 4 which then applied to 

survey histone H3 occupancy along the grapevine genome. 

5.1 Key findings 

5.1.1 Cell division activities in dormant and quiescent grapevine bud 

In plants, the indeterminate growth of meristematic cells growth is interrupted as the cells enter a 

period of resting, such as observed in dormant and quiescent buds. At the end of quiescence, shoot 

meristem resumes growth, leading to bud burst. Further cell division and differentiation activities at 

the shoot apical meristem will then determine the formation of the newly emerging shoot. In seeds, 

DNA synthesis takes place upon imbibition preceding microtubule accumulation and mitosis which 

only observed after germination is complete, i.e. after root protrusion (Pawłowski et al., 2004; Faria 
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et al., 2005; Kido and Kimura.,2010; Rewers and Sliwinska, 2014). Study of mitotic activity during 

the annual life cycle of Douglas fir buds showed that the cells at the apical meristem had the lowest 

mitotic frequency during dormancy which then increased during apical elongation and rapid leaf 

initiation before declining again at the later stage of leaf development (Owens and Molder, 1972). 

Similarly, in Norway maple, quiescent buds were mainly having 2C DNA content (G1) while non-

dormant buds have a higher frequency of cells at the G2 phase with 4C DNA (Bergervoet et al., 1999). 

Furthermore, transcriptome analysis during bud development in V. vinifera cv. Tempranillo showed 

a relatively low and stable expression of cyclins (VvCYCs) and cyclin-dependent kinases (VvCDKs) 

during summer dormancy before increased again in autumn (Díaz-Riquelme et al., 2012). Similar 

results also reported during summer dormancy period in Thompson seedless cultivar (Vergara et al., 

2016 and 2017). 

In dormant grapevine buds cv. Cabernet Sauvignon, the depth of dormancy of buds was highest in 

March (late summer), showing less than 50 % bud break (BB50) in March condition 300 days after 

transfer to forcing growth condition, and declining thereafter. Measurement of the nuclear DNA 

content of the buds on March, May (autumn) and August (winter) showed a higher proportion of cells 

with 2C DNA content or at the G1 phase. It is interesting that the proportion of cells with 2C DNA  

in May and August remain higher compare to the 4C DNA, suggesting absent of cell division 

activities (Chapter 2). The electron microscopy showed that the cells of the shoot apical meristem 

(SAM) were undifferentiated at all time points considered, with poorly developed organelles and 

accumulation of starch grains (Chapter 2). RNA sequencing analysis showed very little change in 

expression of homologues of key cell cycle machinery, i.e. CYCLINs and CYCLIN-DEPENDENT 

KINASEs (Chapter 3). Interestingly, there was also no significant effect on these genes of treatment 

with hydrogen cyanamide (H2CN2), despite the marked effect of this chemical on the BB50. 

Nevertheless, in the latter case, it is possible the duration of treatment was too short to observe 

changes in DNA synthesis or mitosis. 
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Taken together, the transition from deep dormancy (March) to quiescence (May, August) in Cabernet 

Sauvignon buds was not accompanied by the resumption of mitotic activities or differential regulation 

of cell cycle-related transcripts. These results, while somewhat unexpected, may indicate that 

processes upstream of cell division were constraining bud outgrowth in March. 

5.1.2 Regulation of transcription in summer dormant buds 

The productivity of deciduous perennial fruit crops depends on the ability to synchronize growth with 

seasonal changes and survival during adverse climate conditions. Comparative transcriptome analysis 

using whole genome microarray or high throughput sequencing has allowed elucidation of complex 

gene network regulation along perennial bud life cycle (Ruttink et al., 2007; Bai et al., 2013; Fennell 

et al., 2015; Diaz-Riquelme et al., 2012; Howe et al., 2015). In plant systems where dormancy is 

tightly regulated by photoperiod and temperature, gene regulation was commonly found to regulated 

dormancy commitment across species. This includes abscisic acid (ABA) metabolism (Tylewicz et 

al., 2018), electron transport and or energy pathways (Nishitani et al., 2012), epigenetic regulation of 

DORMANCY ASSOCIATED MADS-BOX (Leida et al., 2012; Saito et al., 2015; de la Fuente et al., 

2015), and carbon starvation (Hoffman et al., 2010; Tarancón et al., 2017). In grapevine, where bud 

dormancy is not tightly regulated by temperature and photoperiod, processes related with electron 

transport and ABA metabolism were also reported associated with dormancy establishment and 

release (Ophir et al., 2009; Zheng et al., 2015). In addition, the hypoxic condition also plays an 

important role during growth resumption from a quiescent state (Meitha et al., 2018). In Chapter 3, 

samples matching those used in the physiological study (Chapter 2) were subjected to transcriptome 

analysis to investigate the molecular networks that regulate dormancy, with a particular focus on the 

March condition. 

Principal Component Analysis (PCA) revealed that the natural developmental changes from March 

through August were modest compared to H2CN2 treatment and this was also reflected by the number 

of genes found differentially expressed. As such, relatively few biological processes were found to 

be enriched when comparing the March and May or May and August conditions. In contrast, H2CN2 
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treatment disturbed gene expression in multiple functional categories. Regulation of ABA functions 

was among the most notable observations from the developmental comparisons. The transcript data 

were consistent with an increase in the catabolism of ABA in the transition from March to May, 

followed by a decline in the biosynthesis of ABA and ABA signalling components from May to 

August. Meanwhile, treatment with H2CN2 negatively impacted ABA functions at each level, which 

is remarkable given the duration of treatment was only 24 h, that is, the same as used for the 

physiological studies (Chapter 2). A similar pattern of regulation was observed in the expression of 

genes related with cell wall functions and sugar metabolism, which were subject to greater regulation 

by H2CN2 quantitatively and qualitatively, suggesting parallel regulation of dormancy release and 

growth resumption processes at the same time. Lastly, a pleiotropic response to stress was suggested 

to play an important role by balancing reduction-oxidation homeostasis and detoxification thus 

allowing cyanamide to act as growth signal that terminates dormancy and promote growth resumption 

in summer dormant buds. On that note, the interaction between ABA metabolism, expression of 

antioxidant enzymes, and accumulation of reactive oxygen species (ROS) has been reported in the 

developmental process as well as response to stress of annual plants (Xia et al., 2015 and the reference 

therein). A recent study showed that ROS level is modulated by coordination of cross talk between 

the ABA-INSENSITIVE4 (ABI4) and ETHYLENE-INSENSITIVE3(EIN3), two key transcription 

factors of ABA and ethylene signalling, and the expression of the ascorbic acid gene (VITAMIN C 

DEFECTIVE2/ VCD2) (Yu et al., 2019). This study showed an antagonistic effect of ABA and 

ethylene on ROS accumulation and identified ascorbic acid role in integrating the interaction between 

ABA and ethylene to modulate ROS level. 

5.1.3 Differential occupancy of Histone H3 during dormancy in grapevine buds 

Chromatin immunoprecipitation, coupled with high-throughput sequencing (ChIP-Seq) has been 

widely used for genome-wide mapping of histone occupation and modification (Kim et al., 2008; 

Haring et al., 2010). It has been successfully applied to study developmental processes in many model 

species (Kaufman et al., 2010; Shindo et al., 2019). However, the application of ChIP in recalcitrant 
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tissues has remained challenging and represents a major issue for studying epigenetic regulation in 

woody plants (Li et al., 2014; Haque et al., 2018). In this thesis, the ChIP-seq procedure was 

developed and validated by analysing differential occupancy of histone H3 in mature dormant buds 

collected at a different time along the dormancy period. The method described here addressed 

common issues when performing ChIP assays using woody tissues and constituted a systematic 

optimisation of each essential step (Figure 4.1). Using the optimized method, histone H3 occupancy 

was shown to be at the highest in May and H2CN2 treated buds, while the lowest was found in water-

treated March and August buds (Chapter 4). Although this was not consistent with the suggestion that 

H3 occupancy of genic regions is an indication of active transcription, I cannot rule out that these 

were in fact repressive marks, such as H3K27me3. 

5.2 Future research 

The summer dormancy phenomenon observed in several grapevine cultivars grown in a 

temperate/Mediterranean climate is not consistent with the contemporary ecophysiological model of 

bud dormancy, where photoperiod and chilling govern the onset and release of dormancy 

respectively. The physiological, cellular and transcriptional state of grapevine bud dormancy in 

summer remains unclear. The results from this study have improved our knowledge of the relationship 

between cellular, ultrastructural, and transcriptional regulation underlying the summer dormancy 

state. I propose three areas to be elucidated further: 

1. The assessment of mitotic activity during dormancy and at the onset of growth resumption will 

help us to determine when and how mitosis is regulated at a cellular level, as suggested by the 

result in Chapter 2. The 5-bromo-2'-deoxyuridine (BrDU) labelling or development of 

CYCD::GUS transgenic plants will allow higher resolution measurement of mitotic activities 

compare to nuclei content measurement using propidium iodide. A time course microscopic 

observation from harvesting to bud burst at a different area at the shoot meristem will also help 

to investigate spatial regulation of mitotic activities during and post dormancy. 
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2. The role of abscisic acid and reduction-oxidation status were also found to be significant in 

regulating summer dormancy state in grapevine. Characterization of abscisic acid, glutathione, 

and ascorbate metabolites at different developmental stages of grapevine buds utilising the 

transgenic lines will provide better insight on the role of these metabolites in governing bud 

outgrowth. 

3. To my best of my knowledge, there is no information of histone H3 occupancy of grapevine buds. 

The preliminary study of protein-DNA interaction demonstrated here mapped occupancy of 

histone H3 along the grapevine genome showing differential enrichment across dormancy stages. 

This opens an opportunity to add replication and established a robust histone H3 occupancy data 

for grapevine buds. Furthermore, testing an alternative antibody for histone modification at lysine 

4 and 27, e.g. dimethylation or acetylation, and combining it with histone H3 occupancy data will 

allow identification of loci which transcription process is regulated by histone H3 modification. 

Lastly, a holistic molecular data of histone H3 occupancy, histone H3 modification, and 

transcriptomic during grapevine bud dormancy will improve our understanding of the role of 

epigenetic regulation to orchestrate the unconventional and complex regulation of dormancy in 

grapevine. 

5.3 Conclusion 

In the grapevine cultivar Cabernet Sauvignon, the degree of latency is highly dynamic, showing a 

pronounced peak in summer that is substantially released by autumn. At the cellular level, cell 

divisions were absent in summer and continued to decline towards winter, regardless of the capacity 

of the bud to grow. Observations of the ultrastructure of cells at the shoot apical meristem and 

transcriptomic data provided further support of the low mitotic activity state. Further, the dynamics 

of chromatin structure is also evident by differential histone H3 occupancy at different stages of 

dormancy. In conclusion, this study has improved our understanding of the cellular and molecular 

regulation of summer dormant state within the grapevine bud. 
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