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ABSTRACT

The general objective of this work is to analyze the regulatory processes underlying 

flowering transition and inflorescence and flower development in grapevine. Most of these 

crucial developmental events take place within buds growing during two seasons in two 

consecutive years. During the first season, the shoot apical meristem within the bud 

differentiates all the basic elements of the shoot including flowering transition in lateral 

primordia and development of inflorescence primordia. These events practically end with 

bud dormancy. The second season, buds resume shoot growth associated to flower 

formation and development. In grapevine, the lateral meristems can give rise either to 

tendril or inflorescence primordia that are homologous organs.  With this purpose, we 

performed global transcriptome analyses along the bud annual cycle and during 

inflorescence and tendril development. In addition, we approach the  genomic analysis of 

the MIKC type MADS-box gene family in grapevine to identify all its members and assign 

them putative biological functions.

Regarding buds developmental cycle, the results indicate that the main factors 

explaining the global gene expression differences were the processes of bud dormancy and 

active growth as well as stress responses. Non dormant buds exhibited up-regulation in 

functional categories typical of actively proliferating and growing cells (photosynthesis, cell 

cycle regulation, chromatin assembly) whereas in  dormant ones the main functional 

categories up-regulated were associated to stress response pathways together with 

transcripts related to starch catabolism. Major transcriptional changes during the 

dormancy period were associated to the  para/endodormancy, endo/ecodormancy and 

ecodormancy/bud break transitions.

Global transcriptional analyses along tendril and inflorescence development suggested 

that these two homologous organs share a common transcriptional program related to cell 

proliferation functions. Both structures showed a progressive decrease in the expression of 

categories such as cell-cycle, auxin metabolism/signaling, DNA metabolism, chromatin 



assembly and a cluster of five transcripts belonging to the GROWTH-REGULATING 

FACTOR (GRF) transcription factor family, that are known to control cell proliferation in 

other species and determine the size of lateral organs. However, they also showed organ 

specific transcriptional programs that can be related to their differential organ structure 

and function. Tendrils showed higher transcription of genes related to photosynthesis, 

hormone signaling and secondary metabolism than inflorescences, while inflorescences have 

higher transcriptional activity for genes encoding transcription factors (especially those 

belonging to the MADS-box gene family).

Further analysis along inflorescence development evidenced the relevance of 

additional functions likely related to processes of flower development such as fatty acid 

and lipid metabolism, jasmonate signaling and oxylipin biosynthesis. 

The transcriptional analyses performed highlighted the relevance of several groups of 

transcriptional regulators in the developmental  processes studied. The expression profiles 

along bud development revealed significant differences for some MADS-box subfamilies in 

relation to other plant species, like the members of the FLC and SVP subfamilies 

suggesting new roles for these groups in grapevine. In this way, it was found that VvFLC2 

and VvAGL15.1 could participate, together with some members of the SPL-L family, in 

dormancy regulation, as was shown for some of them in other woody plants. Similarly, the 

expression patterns of the VvFLC1, VvFUL, VvSOC1.1 (together with VvFT, VvMFT1 

and VFL) genes could indicate that they play a role in flowering transition in grapevine, in 

parallel to their roles in other plant systems. The expression levels of VFL, the grapevine 

LEAFY homolog, could be crucial to specify the development of inflorescence and flower 

meristems instead of tendril meristems. MADS-box genes VvAP3.1 and 2, VvPI, VvAG1 

and 3, VvSEP1-4, as well as VvBS1 and 2 are likely associated with the events of flower 

meristems and flower organs differentiation, while VvAP1 and VvFUL-L (together with 

VvSOC1.1, VvAGL6.2) could be involved on tendril development given their  expression 
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patterns.

In addition, the biological function ofVvAP1 and VvTFL1A was analyzed using a 

gene silencing approach in transgenic grapevine plants. Our preliminary results suggested a 

possible role for both genes in the initiation and differentiation of tendrils. 

Finally, the genomic analysis of the  MADS-box gene  family in grapevine  revealed 

differential features regarding number and expression pattern of genes putatively involved 

in the  flowering transition process as compared to those involved in the  specification of 

flower and fruit organ identity. 

Altogether, the results obtained allow identifying putative candidate genes and 

pathways regulating grapevine reproductive developmental processes paving the way to 

future experiments demonstrating specific gene biological functions.
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RESUMEN

El objetivo general de este trabajo es analizar los procesos regulatorios subyacentes a 

la inducción floral así como al desarrollo de la inflorescencia y la flor en la vid. La mayor 

parte de estos eventos cruciales tienen lugar en las yemas a lo largo de dos estaciones de 

crecimiento consecutivas. Durante la primera estación, el meristemo apical contenido en la 

yema diferencia los elementos básicos del  pámpano,  lo cual incluye la  inducción de la 

floración  en  los  meristemos  laterales  y  el  subsiguiente  desarrollo  de  primordios  de 

inflorescencia. Estos procesos prácticamente cesan con la entrada en dormición de la yema. 

En  la  segunda  estación,  se  reanuda  el  crecimiento  del  pámpano  acompañado  por  la 

formación y desarrollo de las flores. En la vid, los meristemos laterales pueden dar lugar a 

primordios de inflorescencia o de zarcillo que son considerados órganos homólogos. Con 

este objetivo llevamos a cabo un estudio a nivel del transcriptoma de la yema a lo largo de 

su ciclo anual, así como a lo largo del desarrollo de la inflorescencia y del zarcillo. Además 

realizamos  un  análisis  genómico  de  la  familia  MADS  de  factores  transcripcionales 

(concretamente aquellos del tipo MIKC) para identificar todos sus miembros y tratar de 

asignarles posibles funciones biológicas.

En cuanto al ciclo de desarrollo de la yema, los resultados indican que los principales 

factores que explican las diferencias globales en la expresión génica fueron los procesos de 

dormición de la yema y el crecimiento activo junto con las respuestas a diversos tipos de 

estrés.  Las  yemas  no  durmientes  mostraron  un  incremento  en  la  expresión  de  genes 

contenidos en categorías funcionales típicas de células en proliferación y crecimiento activo 

(como fotosíntesis, regulación del ciclo celular, ensamblaje de cromatina), mientras que en 

las yemas durmientes, las principales categorías funcionales activadas estaban asociadas a 

respuestas  a  estrés,  así  como  con  el  catabolismo  de  almidón.  Los  mayores  cambios 

observados  a  nivel  de  transcriptoma  en  la  yema  coincidieron  con  las  transiciones  de 

para/endodormición, endo/ecodormición y ecodormición/brotación.

Los análisis transcripcionales globales a lo largo del desarrollo del zarcillo y de la 



inflorescencia  sugirieron que  estos  dos  órganos  homólogos  comparten  un  programa 

transcripcional  común,  relacionado  con  funciones  de  proliferación  celular.  Ambas 

estructuras mostraron un descenso progresivo en la expresión de genes pertenecientes a 

categorías  funcionales  como  regulación  del  ciclo  celular,  metabolismo/señalización  por 

auxinas, metabolismo de ADN, ensamblaje de cromatina y un grupo de cinco tránscritos 

pertenecientes  a  la  familia  de  factores  transcripcionales  GROWTH-REGULATING 

FACTOR (GRF), que han sido asociados con el control de la proliferación celular y en 

determinar el tamaño de los órganos laterales en otras especies.  Sin embargo, también 

pusieron de manifiesto programas transcripcionales que podrían estar relacionados con la 

diferente estructura y función de dichos órganos. Los zarcillos mostraron mayor actividad 

transcripcional de genes relacionados con fotosíntesis, señalización hormonal y metabolismo 

secundario  que  las  inflorescencias,  mientras  que  éstas  presentaron  mayor  actividad 

transcripcional  de  genes  codificantes  de  factores  de  transcripción  (especialmente  los 

pertenecientes a la familia MADS-box).

Análisis  adicionales  a  lo  largo  del  desarrollo  de  la  inflorescencia  evidenciaron  la 

relevancia de otras funciones posiblemente relacionadas con el desarrollo floral, como el 

metabolismo  de  lípidos  y  ácidos  grasos,  la  señalización  mediada  por  jasmonato  y  la 

biosíntesis de oxilipinas.

Los análisis transcripcionales llevados a cabo pusieron de manifiesto la relevancia de 

varios  grupos  de  factores  transcripcionales  en  los  procesos  estudiados.  Los  perfiles  de 

expresión  estudiados  a  lo  largo  del  desarrollo  de  la  yema  mostraron  diferencias 

significativas en algunas de las subfamilias de genes MADS con respecto a otras especies 

vegetales, como las observadas en los miembros de las subfamilias  FLC y  SVP, lo cual 

sugiere que podrían desempeñar nuevas funciones en la vid. En este sentido, se encontró 

que los genes VvFLC2 y VvAGL15.1 podrían participar, junto con algunos miembros de la 

familia  SPL-L,  en la regulación de la dormición. De un modo similar,  los patrones de 
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expresión de los genes VvFLC1, VvFUL, VvSOC1.1 (junto con VvFT, VvMFT1 y VFL) 

podría indicar que desempeñan un papel en la regulación de la inducción de la floración en 

la vid, como se ha observado en otros sistemas vegetales. Los niveles de expresión de VFL, 

el  homólogo  en  vid  del  gen  LEAFY de  A.  thaliana  podrían  ser  cruciales  para  la 

especificación del desarrollo de meristemos de inflorescencia y flor en lugar de meristemos 

de zarcillo.  Los genes VvAP3.1 y 2, VvPI, VvAG1 y  3, VvSEP1-4, así como VvBS1 y  2 

parecen estar asociados con los eventos de diferenciación de meristemos y órganos florales, 

mientras  que  VvAP1 y  VvFUL-L (junto  con  VvSOC1.1 y  VvAGL6.2) podrían  estar 

implicados en el desarrollo del zarcillo dados sus patrones de expresión.

Adicionalmente, se analizó la función biológica de los genes VvAP1 y VvTFL1A por 

medio  de  una  estrategia  de  silenciamiento  génico.  Los  datos  preliminares  sugieren  un 

posible papel para ambos genes en la iniciación y diferenciación de los zarcillos.

Finalmente, el análisis genómico de la familia MADS en vid evidenció diferencias con 

respecto a otras especies vegetales en cuanto a número de miembros y patrón de expresión 

en genes supuestamente implicados en la inducción de la floración, en comparación con 

aquellos relacionados con la especificación de identidad de órganos florales y desarrollo del 

fruto.

En conjunto, los resultados obtenidos han permitido identificar posibles rutas y genes 

candidatos  a participar en la regulación de los procesos de desarrollo reproductivo de la 

vid,  sentando  las  bases  de  futuros  experimentos  encaminados  a  conocer  la  funciones 

biológicas de genes específicos.
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1. INTRODUCTION 

1.1. GRAPEVINE BIOLOGY 

Grapevine  (Vitis  vinifera L.)  belongs  to  the  family  Vitaceae,  that  contains 

approximately 1000 species assigned to 17 genera. Vitaceae are typically shrubs or woody 

lianas that climb using leaf-opposed tendrils (Keller, 2010). All cultivated grapes belong to 

the genus  Vitis or the genus  Muscadinia,  being  Vitis vinifera the ancestor of the vast 

majority of grape varieties cultivated today. The Vitis genus comprises 60–70 living species 

(plus up to 30 fossil ones) mostly spread throughout Asia (~40 species) and North America 

(~20 species) (Alleweldt and Possingham, 1988; Wan et al., 2008b) and also in Europe. All 

of them grow predominantly in temperate and subtropical climate zones of the Northern 

Hemisphere (Mullins et al., 1992; This et al., 2006; Wan et al., 2008a).

The presence of axillary buds that remain dormant during winter (allowing growth in 

the next spring) confers to the species of this genus a polycarpic life habit. Vitis species are 

deciduous perennial vines or shrubs with tendril-bearing shoots. They all have hairy leaves 

with  five  main  veins,  forked  tendrils,  bark  that  shreds  when  mature,  nodes  with 

diaphragms and soft secondary wood. They can form adventitious roots, which permits 

propagation by cuttings.  (Keller, 2010). Wild species are dioecious with male and female 

plants which causes high heterozygosity.  Vitis vinifera is the only species of the genus 

original form Eurasia. Nowadays, these wild plants can still be found in riverbank forests 

in temperate Eurasian regions. They grow from seeds that germinate on the forest floor 

and climb up to reach the forest canopy using tendrils, sometimes up to 20 - 30 m high 

(Carmona et al., 2008). See Figure 1A.



Wild plants flower once they are exposed to high light and temperature, when they 

reach  the  canopy,  producing  numerous  small  bunches  of  flowers.  These  flowers  are 

inconspicuous, not visually attractive to insects. Female plants produced berries, that are 

small and, when ripen, they are dark and sweet enough to be attractive to birds, which 

contribute to seed dispersion  (Carmona  et al.,  2008). By contrast, most of the modern 

cultivars of  Vitis vinifera (Figure 1B) bear hermaphrodite flowers and self-fertilization is 

thought to be the major way for pollination  (This  et al.,  2006; Carmona  et al.,  2008; 

Keller, 2010). 

Vitis vinifera grapevines were among the first fruit species to be domesticated and 

today are one of the most economically important fruit crop in the world (FAO statistics 
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Figure 1: Wild and cultivated Vitis vinifera. (picture A by courtesy of Dr. R. Ocete) 



2009). The domestication of grapevine appears to have occurred between the seventh and 

the fourth millennia BC, within a geographical area comprised between the Black Sea and 

Northern Iran (McGovern and Michel, 1996; Zohary, 1996; Zohary and Hopf, 2000). From 

this area, cultivated forms would have been spread by humans to the Near East, along the 

Mediterrranean basin from East to West. In addition, secondary domestication events have 

likely taken places along that spread (Grassi et al., 2003; Arroyo-García et al., 2006)

One of the most important changes in cultivated grapevine biology is the shift from 

sexual propagation (by seeds) to vegetative multiplication (by cuttings). In general, this 

fact  has  allowed  to  maintain  varietal  features  and  has  also  allowed  accumulation  of 

somatic mutations over the initially selected genotype (in some cases deletereous for their 

wild life) mostly responsible for intra-cultivar diversity  (Cabezas-Martínez, 2004; This  et  

al.,  2006). Vegetative propagation also conditioned the biology of cultivated grapevines, 

given that these plants never go through a juvenile phase. Other relevant factors that 

condition the biology of the cultivated grapevines are the training and the pruning. Since 

ancient, grapevine plants are pruned to control plant size and cluster number and trained 

in diverse ways to adapt them to the different environments and conditions in which they 

are  cultivated,  with the  objective  of  improving  yield.  (Hidalgo,  1993;  Carmona  et  al., 

2008).  The  vine's  anatomy  depends  on  the  training  conditions.  The  main  difference 

between wild and cultivated grapevines is that the wild ones maintain more permanent 

structures  (trunk and branches from several  growing seasons)  and vegetative biomass, 

whereas  the  cultivated  vines  are  pruned  to  keep  (depending  on  pruning  and  training 

system) only the trunk, some arms (main branches) and a variable number of buds which 

are going to produce the fruiting shoots of the next season after the dormancy period 

(Keller, 2010). 
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1.2. THE GRAPEVINE GENOME

Vitis vinifera is a diploid species and its genome is organized in 19 chromosome pairs 

(2n=38). The first estimations about genome size were made by flow cytometry resulting 

in between 415 and 483 Mb per haploid complement (Lodhi and Reisch, 1995), very close 

to the size observed upon whole genome sequencing in 2007. A first 8X version of the near 

homozygous inbred line PN40024 genome sequence was obtained by shotgun sequencing by 

a french-italian public consortium (Jaillon et al., 2007). This project estimated a genome 

size  of  487  Mb.  In  parallel,  on  the  sequence  of  the  heterozygous  cultivar  Pinot  Noir 

(Velasco et al., 2007) estimated a size of 504,6 Mb. This genome sizes represent about four 

times the size of the genome of Arabidopsis thaliana (125 Mb) (Dennis and Surridge, 2000) 

and is very similar to the size of the poplar  (Populus trichocarpa)  genome with 465 Mb 

(Tuskan  et al., 2006). The last version of grapevine genome annotation recorded  29971 

non-redundant  genes  (Grimplet  J.,  personal  communication),  slightly  more  than 

Arabidopsis (26819 genes), but less than poplar (45555 genes). The grape genome contains 

41.4%  of  repeated  sequences  and  transposons,  mainly  corresponding  to  class  I 

retrotransposons  (Jaillon  et al., 2007). These data suggest that these elements, keep the 

grapevine genome in a dynamic state  (Velasco  et al., 2007). Whole-genome comparisons 

with other species allow inferring that the present grapevine genome was originated from 

three ancestral genomes  (Jaillon  et al., 2007). These authors proposed that in an early 

stage of dicot evolution an hexaploidization event had occured, previous to the divergence 

of ancestors of the present Arabidopsis, poplar and V. vinifera. Alternatively Velasco et al, 

(2007),  also  identified  the  existence  of  three  whole-genome  duplications  in  common 

ancestors of those species, but suggested that while the first one would have been shared 

by all dicots, the second one would have involved Arabidopsis and poplar, (but not Vitis) 

and the third one Arabidopsis and poplar independently. The sequence and the assembly 
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of the PN40024 line genome has been increased and updated recently from an 8X to a 12X 

coverage. Two versions of the 12X gene prediction are available, version 12Xv0, performed 

with the GAZE software  (Howe et al., 2002) by the Genoscope and version 12Xv1 that 

results from merging the v0 and one additional gene prediction performed with JIGSAW 

software (Allen and Salzberg, 2005) at the CRIBI (Grimplet et al., 2012). 

Nowadays, there are more than 50 different grape genome sequencing projects in 

progress,  involving  different  Vitis species  (non-vinifera)  as  well  as  several  V.  vinifera 

cultivars, most of them for SNP discovery (‘IGGP’).
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1.3. THE GROWTH CYCLE OF GRAPEVINE 

Grapevine plants grown from seeds display a short juvenile phase during which they 

produce 6–10 nodes with round leaves in a spiral phyllotaxis. At the end of the juvenile 

phase,  leaves  change  their  morphology,  becoming  palmate  and  with  different  lobes 

depending on the genotype. Phase change also affects phyllotaxis, that changes from spiral 

to distychous (Figure 2). 

In  addition,  the  shoot  apical  meristem  (SAM)  starts  producing  a  characteristic 

sequence  of  leaves  and  lateral  meristems,  classically  called  uncommitted  primordia  or 

anlagen (Tucker and Hoefert, 1968; Pratt, 1971; Gerrath and Posluszny, 1988a; Gerrath et  

al., 1998). 

35

Figure  2: The transition from juvenile  to adult phase. Picture  illustrating the  leaf  change  and 
emergence of the first tendril.AL: adult leaf; JL: juvenile leaf; T1: first tendril.



Lateral meristems and leaf primordia alternate at the SAM but, due to differential 

internode elongation, they become opposed to leaves when the shoot is expanded (Pratt, 

1974). These lateral meristems can differentiate either as tendrils or inflorescences. During 

grapevine growth, lateral meristems give rise to tendrils for 2–5 years before the plant 

initiates flowering. Upon flowering transition, inflorescences are formed in place of tendrils 

from the same lateral meristems (Pratt, 1971; Srinivasan and Mullins, 1981; Posluszny and 

Gerrath, 1986; Gerrath and Posluszny, 1988b;  Morrison, 1991).  The presence of lateral 

meristems  that  give  rise  to  tendrils,  inflorescences,  or  intermediate  organs  and  the 

production by the SAM of both leaves and lateral meristems that become opposed when 

mature are special features of the Vitaceae (Carmona et al., 2007b).
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Figure 3: Picture showing the compound latent bud in the axil of the lateral shoot (in turn 
axilar to the leaf). In the scheme, numbers indicate the different buds that constitute the compound bud 
(Scheme modified from Mullins et al, 1992.) 



The SAMs of the primary and secondary buds of the latent compound bud proliferate 

to reproduce the phases recognized in juvenile plants. For the primary latent bud, the 

SAM produces first three to four leaf primordia before initiating the alternation of leaf 

primordia with lateral meristems. The first lateral meristems (two to three) can potentially 

differentiate as inflorescences, while the following lateral meristems will give rise to tendrils 

(Pratt, 1971; Carmona  et al., 2008). At the end of the summer these buds are dormant 

and the primary latent bud, if has undergone the flowering transition, bears a compact 

shoot with inflorescence meristems and tendril and leaf primordia. Not all the buds in a 

cane are fruitful,  in the non-fruitful canes emerged from non-fruitful buds, can not be 

observed any lateral structures (neither inflorescences or tendrils) from the first two or 

three lateral meristem positions (Carmona et al., 2008).

The next spring, when the environmental conditions allow it, bud growth resumes 

and the SAM further produces leaf and tendril primordia. In grapevine, the SAM produces 

a sequence of two consecutive nodes bearing leaf primordia and lateral meristems, alternate 

with one node with a single leaf primordium. 

1.4. DORMANCY IN GRAPEVINE BUDS
 

Grapevines, as other woody perennial plant species, have specific morphological and 

physiological  constraints  when  compared  with  annual  plants,  leading  to  different 

reproductive and somatic developmental strategies. Polycarpic woody plants form terminal 

or axillary buds with embryonic shoots from which complete branches can develop after 

specific environmental signals (Horvath et al., 2003) (Figure 4). 
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To  elude  unfavorable  environmental  conditions,  these  buds  become  dormant 

providing the possibility to resume growth under viable conditions. Three dormancy states 

have been distinguished along the dormancy period in buds: (i) Paradormancy, induced by 

distal organs of the plant; (ii) Endodormancy, due to signals internal to the bud itself and 

(iii) Ecodormancy, when bud growth is prevented by environmental factors such as low 

temperatures (Lang et al., 1987; Rohde and Bhalerao, 2007). 

Bud para/endodormancy transition (also known as endodormancy onset) is generally 

triggered by environmental factors. Among them, day length and temperature are stable 

annual  cues  regulating  this  process  in  temperate  regions  in  many  plant  species. 

Endo/ecodormancy  transition  (or  endodormancy  release)  requires  the  completion  of  a 

chilling period that leaves the bud in an ecodormant stage susceptible to initiate bud break 

upon a period of favorable temperatures  (Chao et al., 2007; Horvath, 2009; Anderson et  
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Figure  4:  Terminal  versus  axilar  buds. A:  Bud  from  lilac  tree  (Syringa  vulgaris).  B:  Bud  from 
grapevine. 



al.,  2010;  Olsen,  2010).  Regulation  of  endodormancy  onset  and  release  involves  plant 

hormones such as auxins, ethylene, abscisic acid and gibberellins which could also interact 

with sugars signaling  (Chao  et al.,  2007; Anderson  et al.,  2010).  Epigenetic regulation 

throughout chromatin modification has also been proposed to be involved in dormancy 

regulatory  processes  based  on  differential  expression  of  several  chromatin  modifying 

proteins (Horvath, 2009). 

In woody species  that set dormant terminal  buds, cessation of  vegetative growth 

precedes the onset of dormancy and the terminal bud differentiates directly from the shoot 

apical  meristem  (SAM).  Thus,  bud  formation  is  concomitant  with  dormancy  onset 

(Jansson and Douglas, 2007; Anderson  et al.,  2010).  In other woody species,  including 

grapevine,  axillary  buds  become  dormant  when  perceiving  the  environmental  signals 

triggering the dormancy onset, whereas SAM ceases growth when environmental conditions 

become unfavorable (Morrison, 1991). 

As stated above, grapevines develop buds that grow over two consecutive seasons 

separated by a dormancy period between autumn and spring. In grapevine, latent buds are 

initially arrested in their growth by paradormancy signals from the apex. However, these 

buds maintain active processes of cell division and differentiation until perceiving (at the 

end of the summer) the SD photoperiods and temperatures drop that would trigger the 

onset of dormancy in grapevine (Lang et al., 1987; Lavee and May, 1997). Endodormancy 

has been shown to end when buds have already experienced enough chilling  (Lavee and 

May,  1997;  Dokoozlian, 1999).  However,  buds remain ecodormant until  temperature is 

permissive.  When ecodormancy is  released,  buds swell  and the shoot apical  meristems 

(SAMs) in the primary bud follows a program of organ differentiation and growth that 

gives rise to the new season shoots (Gerrath and Posluszny, 1988a; Mullins et al., 1992). In 

Northern hemisphere, grapevine buds para/endodormancy transition starts in August and 

the dormant state is released during November (Pouget, 1972). 
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Recent works have approached the transcriptional characterization of bud responses 

to chilling (Mathiason et al., 2008), photoperiod (Sreekantan et al., 2010) and dormancy 

breaking treatments (Halaly et al., 2008; Perez et al., 2009). Their results have led to the 

identification of candidate genes that could have a dual role in flowering and dormancy in 

Vitis riparia (Mathiason  et al., 2008; Sreekantan  et al., 2010) and to propose a role for 

oxidative stress as part of the dormancy releasing mechanisms (Pacey-Miller et al., 2003; 

Halaly et al., 2008; Perez et al., 2009). 
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1.5. GRAPEVINE REPRODUCTIVE DEVELOPMENT

The production of lateral meristems that differentiate tendrils marks a first transition 

from juvenile to adult plants in the development of grapevine. Nevertheless, these plants 

usually  take  between  2  and  5  years  to  initiate  flowering,  depending  on  their  own 

developmental  and  environmental  conditions.  Environmental  factors  that  promote 

flowering in grapevine do not correspond with main factors inducing flowering in annual 

plants such as photoperiod or vernalization for Arabidopsis and related species (Carmona 

et al., 2008). It have been shown that short-term exposures to high temperature and high 

light intensity promote flowering in grapevine, the same stimuli that wild plants perceive 

when reaching the forest canopy  (Buttrose, 1974; Mullins  et al.,  1992; Carmona  et al., 

2008;  Vasconcelos  et  al.,  2009). Moreover,  should  be  also  noted  the  relevance  of  the 

developmental and nutritional state (in terms of carbohydrate reserves) of the plant for a 

successful flowering (Vasconcelos et al., 2009). Can be highlighted that stimuli promoting 

the  flowering  transition  in  the  latent  bud  do  not  have  a  major  effect  on  traits  like 

flowering time, bunch size, or flower number, since these traits are highly influenced by the 

environmental  conditions  affecting  dormancy  release,  bud-break  time  and  growth  rate 

during the second season (Carmona et al., 2008). 

At the hormonal level, it is known that gibberellins and cytokinins have antagonistic 

effects  in  the  control  of  flower  initiation.  The  flower-promoting  effect  of  gibberellins 

observed in Arabidopsis and other rosette species seems to have changed in grapevine, 

where they are required for lateral meristem initiation, but inhibit their differentiation into 

inflorescences, favoring tendril development (Srinivasan and Mullins, 1980). This negative 

effect  of  gibberellins  on  the  floral  transition  is  commonly  observed  in  other  woody 

perennial  angiosperms  (Remay  et  al.,  2009).  By  contrast,  cytokinins  induce  the 

development of inflorescences from the lateral meristem  (Srinivasan and Mullins, 1978, 
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1979,  1980). In  temperate  regions,  the  reproductive  developmental  cycle  of  grapevine 

plants  spans  two  consecutive  years,  that  means  two  growing  seasons  separated  by  a 

dormancy period during winter. This process has been characterized by scanning electron 

microscopy (Figure 5)  (Srinivasan and Mullins, 1976, 1981; Carmona et al., 2002, 2007b; 

Boss,  2003).  As mentioned before,  the flowering transition is  evidenced in  latent buds 

during the summer and specifically in the first two to three lateral meristems formed by 

the SAM that generate inflorescence meristems (Figure 5A, B and C). These meristems 

further proliferate to give rise to additional inflorescence branch meristems arranged in 

spiral that will form an immature raceme structure (Figure 5D). At the end of the summer 

these latent buds enter in dormancy. 
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Figure 5: Differentiation processes in grapevine bud revealed by SEM. From A to D, First season; 
from E to H, second season. A: April  latent bud. The vegetative shoot apical meristem is forming leaf 
primordia. B: June bud. The shoot apical meristem has undergone flowering transition and begins to form 
lateral inflorescence meristem (im) opposite to leaf primordia. C: July bud showing the derivatives formed by 
the SAM (sam) during the 1st season. At this stage, the bud encloses developing leaves (lf), inflorescence 
meristems (im) and newly formed leaf primordia (lp). D: Bud in August, around the end of the first season,  
showing two inflorescence primordia. Notice the spiral arrangement of inflorescence branch meristem (ib). 
Only some of the ib are indicated. E: Detail of inflorescence primordium in a second season bud, showing an 
ib (subtended by a bract,  br) which start  to differentiate flower meristems (asterisks).  F:  Detail  of  an 
inflorescence branch in a bud of phenological stage B–C (second season). The inflorescence branch meristem 
has  divided  into  three  to  four  flower  meristems  (asterisks).  G:  Flower  meristems  derived  from  an 
inflorescence branch in a bud of phenological stage C–D. H: Developing flower (phenological stage E), sepal 
primordia have been partially removed to show the petal primordia (pt). Pictures from Carmona et al., 2002.



The  following  year,  once  they  have  experienced  enough  chilling  to  break 

endodormancy and when the environmental conditions allow it, bud growth resumes and 

the SAM give  rise  to  a branch through the reiterative  production  of  leaf  and tendril 

primordia. During initial stages of bud swelling, the inflorescence branch meristems can 

additionally  proliferate  to  form  further  inflorescence  branch  meristems.  Grapevine 

inflorescences are racemes composed by inflorescence branches that resembles the shape of 

grape clusters. Then, each inflorescence meristem divides into a cluster of three to four 

flower meristems organized as a dicasium (Figure 5E, F and G). Flower development takes 

place once shoot internodes begin to elongate (Figure 5H). The structure of the grapevine 

flowers comprises four whorls and the whorled pattern of flower development follows a 

basipetal sense. It means that the flower meristems form, sequentially, sepal primordia, 

petals and stamens common primordia that soon divide to form separate primordia and, 

finally, the innermost carpel primordia  (Pratt, 1971; Carmona  et al., 2007b,  2008). The 

process  of  inflorescence  and flower  development  in  grapevine  have  been  analyzed  and 

reviewed in detail (Srinivasan and Mullins, 1981; Gerrath, 1993; Boss and Thomas, 2000; 

May, 2000, 2004; Boss, 2003; Meneghetti et al., 2006; Carmona et al., 2007b, 2008; Lebon 

et al., 2008; Vasconcelos  et al., 2009). Berry development has also been comprehensively 

reviewed in grapevine (Coombe, 1992; Kanellis and Roubelakis-Angelakis, 1993; Hardie et  

al., 1996; Ollat et al., 2002). 

Grapevine reproductive development shows differential features in comparison with 

annual plants such as  Arabidopsis or rice  (Ausín  et al., 2005; Carmona et al., 2007b) or 

with other polycarpic species like poplar  (Brunner and Nilsson, 2004). The presence of 

tendrils,  which  in  grapevine are modified  reproductive  structures  homologous  to 

inflorescences,  is  a  remarkable  developmental  particularity  when  compared  with  other 

species. Tendrils and inflorescences share a common ontogenetic origin, they develop from 

the same meristematic structure, the lateral meristem. In addition, it is not rare to find 
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intermediate structures (half tendril, half inflorescence) in many cultivars under vineyard 

conditions  (Pratt,  1971;  Srinivasan and Mullins,  1981; Boss and Thomas,  2000, 2002). 

Furthermore,  the  grapevine  gai mutant,  derived  from the  L1  cell  layer  of  the  Pinot 

Meunier cultivar, is known to be insensitive to gibberellins and as a consequence, these 

plants develop inflorescences in place of tendrils all along the cane  (Boss and Thomas, 

2002). Altogether, these observations have been the base to consider tendrils as sterile 

reproductive structures adapted to climb. 

In summary, the flowering transition in grapevine involves two steps. The first one 

involves  the  formation  of  the  lateral  meristem,  takes  place  independently  of  flowering 

inducing stimuli being related with the juvenile to adult transition of the plants. In the 

second step,  the lateral  meristem differentiates  as  inflorescence instead of  tendril  as  a 

result of floral induction. According to this model, tendrils would be considered as sterile 

reproductive  organs,  whereas  flowering-inducing  stimuli  would  cause  the  initiation  of 

reproductive meristems (Carmona et al., 2008). 
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1.6. GENES INVOLVED IN THE REGULATION OF 
REPRODUCTIVE DEVELOPMENT IN PLANTS 

Most  of  the  current  investigations  about  the  molecular  regulatory  network  that 

controls the different stages of the grapevine reproductive development, have focused on 

the identification and functional analysis of V. vinifera homologous of the floral integrators 

and floral meristem identity genes studied in Arabidopsis thaliana (Carmona et al., 2002; 

Calonje  et  al.,  2004;  Joly,  2004;  Boss,  2006;  Sreekantan  and  Thomas,  2006). In 

Arabidopsis, flowering signal integrators such as SUPRESSOR OF CONSTANS 1 (SOC1) 

and  FLOWERING LOCUS T (FT),  further  control  the  expression of  genes specifying 

flower meristem identity  (Boss, 2004; Ausín  et al., 2005; Parcy, 2005; Sablowski, 2007). 

Among  these  flower  meristem  identity  genes,  LEAFY (LFY), FRUITFULL (FUL), 

CAULIFLOWER (CAL) and APETALA1 (AP1)  seem to  play  functionally  redundant 

roles based on mutant analyses (Mandel et al., 1992; Weigel, 1992; Mandel and Yanofsky, 

1995; Liljegren et al., 1999; Ratcliffe, 1999; Ferrándiz  et al., 2000a) and their expression 

patterns are in agreement with their proposed function (Figure 6).
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As  mentioned  in  the  previous  section,  in  grapevine  there  is  no  evidence  of  the 

existence of the flowering regulatory pathways described for model plant species such as 

photoperiod  or  vernalization  pathways  (Figure  6).  However,  in  the  grapevine  genome, 

genes homologous to Arabidopsis or cereal genes involved in those pathways are found and 

understanding their function in flowering transition or other processes will require further 

investigation (Carmona et al., 2008). As told before, most molecular studies have centered 

in  grapevine  genes  homologous  to  Arabidopsis  flowering  signal  integrators  and  flower 

meristem and flower organ identity genes (Carmona et al., 2008; Vasconcelos et al., 2009). 

Among them, the VFL (FLORICAULA/LEAFY) gene and the FLOWERING LOCUS T 

(FT)/  TERMINAL FLOWER1 (TFL1)  gene  family  have  been  studied  in  grapevine 

(Carmona et al., 2002, 2007a), as well as the MADS-box gene family, given its relevance in 

the regulation of reproductive development (Calonje et al., 2004; Fernandez et al., 2010, 

2012;  Mejía  et  al.,  2011).  However,  there  is  not  information  about  the  SQUAMOSA 

PROMOTER-BINDING LIKE (SPL) gene family, which have been discovered to play 
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Figure 6: Flowering pathways in Arabidopsis (from Amasino R., 2010)



important roles in Arabidopsis development (juvenile to adult transition, flowering, organ 

differentiation) some of them conserved in woody perennials (Wang et al., 2011) together 

with its relationship with small RNA regulation (Wu and Poethig, 2006; Guo et al., 2008; 

Wu et al., 2009; Amasino, 2010). 

1.6.1. FT/TFL gene family 
FLOWERING  LOCUS  T belongs  to  the  (FT/TFL1)  gene  family  that  encodes 

proteins  related  to  mammalian  phosphatidylethanolamine-binding  proteins  with  either 

positive or negative effects on flower initiation (Bradley et al., 1997). Genes homologous to 

the Arabidopsis  FT have also been characterized in grapevine  (Joly, 2004; Boss,  2006; 

Sreekantan and Thomas,  2006; Carmona  et al.,  2007a).  To date,  six genes that could 

belong to the FT/TFL1 gene family are discovered in the grapevine genome, five of them 

have already been characterized by  Carmona  et al.,  2007a.  They can be clustered into 

three clades:  FT-like, MFT-like and TFL1-like (Carmona  et al.,  2007a).  Among them, 

expression  of  the  putative  FT orthologue,  VvFT,  has  been  associated  with  flowering 

transition in latent buds and with inflorescence, flower and fruit development (Sreekantan 

and Thomas, 2006; Carmona et al., 2007a). Some works (Sreekantan and Thomas, 2006; 

Carmona et al., 2007a) reported that the overexpression of VvFT in transgenic Arabidopsis 

has similar effects as endogenous FT (Kardailsky et al., 1999; Kobayashi et al., 1999) these 

evidences  support  their  orthology  and  functional  conservation.  In  grapevine,  three 

members of this gene family are closely related to Arabidopsis  TFL1 (Carmona  et al., 

2007a). This genes are expressed in latent buds and along the initial stages of inflorescence 

development, but are not detected in flower development. Overexpression in transgenic 

Arabidopsis of  VvTFL1A, the closest relative to  AtTFL1, seems to delay flowering time 

and the differentiation of flower meristems, showing a phenotype of complex inflorescences 

with multiple co-florescences (Boss, 2006; Carmona et al., 2007a). In the same way, recent 

studies on Carignan  Reiterative Reproductive Meristem (RRM), a somatic variant that 
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shows extreme inflorescence proliferation and delayed anthesis,  demonstrated that  this 

phenotype is caused by a single mutation (a transposable element insertion) that provokes 

an overexpression of VvTFL1A gene (Fernandez et al., 2010). These results support a role 

for this gene in maintaining meristem indeterminacy. Whether the additional grapevine 

TFL1-like genes are functionally redundant with VvTFL1A or have more specific roles in 

different  meristems  awaits  further  characterization.  Altogether,  expression  patterns  of 

FT/TFL1-like  genes  in  grapevine  seem  to  be  associated  with  either  meristem 

determination  or  proliferation  processes  (Carmona  et  al.,  2007a;  Crane  et  al.,  2011), 

accordng to the biological function suggested for these gene family in other plant species 

(Bradley et al., 1997; Pillitteri et al., 2004; Ahn, 2006; Lifschitz et al., 2006). 

1.6.2. FLORICAULA/LEAFY gene 
Another gene known to be involved in flower meristem identity is LEAFY. LFY-like 

proteins are plant-specific transcription factors with a conserved DNA binding domain 

(structurally related to helix-turn-helix domains) at C-terminal and an N-terminal domain 

of unknown function (Siriwardana and Lamb, 2012). In grapevine, a single orthologue of 

the Arabidopsis LFY gene (Weigel, 1992), known as VFL, has been found (Carmona et al., 

2002; Joly, 2004; Boss, 2006). VFL expression is detected in lateral meristems before any 

commitment, is down-regulated during tendril development and highly up-regulated in the 

developing  inflorescence  meristems  of  latent  buds  as  has  been  evidenced  by  in  situ 

hybridization experiments. Moreover,  VFL reaches their highest expression levels in the 

floral meristems developing in swelling buds (Carmona et al., 2002). VFL is also detected 

in early stages of petal and stamen primordia. This expression pattern suggests a key role 

for VFL in flower meristem initiation and organization that seem to be conserved for most 

LFY-like genes analyzed in other plant species  (Maizel  et al., 2005). Expression patterns 

along two growing seasons have also been described for the  LFY orthologue in another 
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woody perennial, the kiwifruit (Walton et al., 2001). The highest level of LFY expression 

in both species is associated with flower meristem formation (first season in kiwifruit and 

second season in grapevine), supporting a role for these genes in the specification of flower 

meristem identity  in  these  woody species.  In  addition,  the  expression  of  VFL in  leaf 

primordia  and  in  the  margins  of  developing  leaves  could  suggest  a  role  for  VFL in 

maintaining cell proliferation in some specific leaf areas, affecting leaf shape in grapevine 

(Carmona  et  al.,  2008). In  this  way,  a  similar  role  for  LFY-like genes  has  also  been 

proposed for the pea UNIFOLIATA and tomato FALSIFLORA LFY orthologues, which 

are required for the correct  development of  compound leaves and leaflets,  respectively 

(Hofer et al., 1997; Molinero-Rosales et al., 1999; Carmona et al., 2007b; Vasconcelos et al., 

2009).

1.6.3. MADS-box gene family 
The MADS-box gene family includes transcription factors that are major regulators 

of plant development. MADS-box genes encode transcription factors that are involved in 

developmental control and signal transduction in eukaryotes (Riechmann and Meyerowitz, 

1997; Messenguy and Dubois, 2003; de Folter and Angenent, 2006; Gramzow and Theissen, 

2010; Heijmans et al., 2012). They are defined by the presence of a conserved domain, the 

MADS-box, in the N-terminal region which is involved in DNA binding and dimerization 

with other MADS-box proteins. Two monophyletic lineages known as MADS type I and 

MADS  type  II  (Figure  7),  which  are  present  in  plants,  animals  and  fungi  can  be 

distinguished (Alvarez-Buylla et al., 2000; Bodt et al., 2003). 
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Type II group includes MEF2-like genes of animals and yeast and MIKC-type genes 

only found in plants. MIKC-type genes received this name because, apart from the MADS 

(M) domain, they contain three additional conserved domains, the Intervening (I) domain, 

the Keratin (K) domain and the C-terminal (C) domain (Theissen et al., 1996; Kaufmann 

et al., 2005). The I domain is responsible for specificity in the formation of DNA-binding 

dimers, the K domain mediates dimerization and the C domain functions in transcriptional 

activation and formation of higher order protein complexes. MIKC-type genes have been 

further divided into two subgroups, MIKCC and MIKC* based on sequence divergence at 

the I domain (Henschel et al., 2002). MIKC* group has six genes in Arabidopsis thaliana 

that seem to be involved in male gametophyte differentiation (Verelst et al., 2007; Zobell 

et al., 2010). The type I lineage groups genes that have simpler gene structure and lack the 

K domain. Their function is generally not well understood yet in Arabidopsis or other 

species  but  some  authors  proposed  important  roles  for  these  genes  during  female 

gametophyte and early seed development. (Bemer et al., 2008, 2010; Colombo et al., 2008; 

Masiero et al., 2011; Kapazoglou et al., 2012). 
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Figure 7: Cladogram showing the different lineages of MADS-box genes (Modified from de Bodt 
et al., 2003).



MIKCC-type  MADS-box  genes  (from  now  on  called  MIKC  genes)  are  the  best 

characterized group of MADS-box genes and have been involved in essential and diverse 

functions related to plant growth and development (Rounsley et al., 1995; Alvarez-Buylla 

et al., 2000; Theissen, 2001; Becker and Theissen, 2003; Kaufmann et al., 2005; Theissen 

and Melzer,  2007;  Heijmans  et  al.,  2012). Extensive analyses  of  members of  this  gene 

lineage in sequenced plant genomes have identified up to 13 gene subfamilies based on 

protein sequence conservation (Martinez-Castilla and Alvarez-Buylla, 2003; Parenicová et  

al., 2003; De Bodt et al., 2006; Kater et al., 2006; Leseberg et al., 2006; Arora et al., 2007; 

Zhao et al., 2011; Gramzow et al., 2012; Hu et al., 2012).

The  first  plant  MIKC  genes  were  identified  as  floral  organ  identity  genes  in 

Antirrhinum majus and Arabidopsis. Further genetic and molecular analyses grouped their 

biological functions in flower organogenesis into five classes: A, B, C, D and E, which are 

required,  in  different  combinations,  to  specify  the  identity  of  sepals  (A+E),  petals 

(A+B+E), stamens (B+C+E) carpels (C+E) and ovules (D+E) (Schwarz-Sommer et al., 

1990; Bowman  et al., 1991; Coen and Meyerowitz, 1991; Weigel and Meyerowitz, 1994; 

Angenent and Colombo, 1996; Pelaz et al., 2000, 2001; Theissen, 2001; Ditta et al., 2004; 

Theissen and Melzer, 2007; Immink  et al.,  2010; Liu  et al.,  2010). Briefly, Arabidopsis 

MIKC genes grouped in each of those functional classes correspond to APETALA1 (AP1) 

in class A, PISTILATA (PI) and APETALA3 (AP3) in class B, AGAMOUS (AG) in class 

C,  SEEDSTICK/  AGAMOUS-LIKE 11 (STK/AGL11) in  class  D  and  SEPALLATA 

(SEP1, SEP2,  SEP3,  SEP4)  genes  in  class  E.  MIKC  genes  in  the  AG and 

APETALA1/FRUITFULL (AP1/FUL)  subfamilies  also  participate  in  fruit  and  seed 

development (Gu et al., 1998; Ferrándiz et al., 2000b; Pinyopich et al., 2003). 

Other MIKC genes were later identified as involved in different regulatory steps of 

networks controlling flowering time and flower initiation. In this way, MIKC subfamilies 

like those represented by FLOWERING LOCUS C (FLC) (Michaels and Amasino, 1999; 
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Ratcliffe,  1999;  Searle  et  al.,  2006;  Reeves  et  al.,  2007),  SUPRESSOR  OF 

OVEREXPRESSION OF CONSTANTS 1 (SOC1) (Lee et al., 2000; Samach et al., 2000; 

Hepworth et al., 2002; Moon et al., 2003; Schönrock et al., 2006; Liu et al., 2008; Lee and 

Lee,  2010;  Dorca-Fornell  et  al.,  2011) and  SHORT  VEGETATIVE  PHASE (SVP) 

(Hartmann et al., 2000; Yu et al., 2002; Michaels et al., 2003; Lee et al., 2007; Liu et al., 

2008) are involved in the regulation of flowering transition by the integration of signals 

from  different  flowering  regulatory  pathways.  These  genes  function  as  either  positive 

(SOC1,  AGAMOUS-LIKE 24 (AGL24))  or  negative  regulators  (FLC,  SVP)  of  flower 

meristem identity  genes  which  include  some MIKC genes  belonging  to  the  AP1/FUL 

subfamily  (Mandel  and  Yanofsky,  1995;  Ferrándiz  et  al.,  2000a).  Regarding  the 

AGAMOUS-LIKE 15 (AGL15) subfamily (AGL15 and AGL18 genes)  (Alvarez-Buylla  et  

al., 2000; Lehti-Shiu  et al., 2005), has been suggested their possible role as repressors of 

floral transition (Adamczyk et al., 2007). 

Expression  of  MIKC genes  have  also  been  detected  outside  reproductive  organs, 

among  them  those  belonging  to  subfamilies  AGAMOUS-LIKE 12 (AGL12) and 

AGAMOUS-LIKE 17 (AGL17) (Rounsley et al., 1995; Alvarez-Buylla et al., 2000; Burgeff 

et al., 2002). Their expression suggested a role for those genes in vegetative development 

what has later been evidenced for some of them in root development (Zhang and Forde, 

1998; Tapia-López et al., 2008). Notwithstanding, a role for AGL12 and AGL17 genes as 

flowering promoters has also been recently proposed (Han et al., 2008; Tapia-López et al., 

2008). 

Previous molecular studies of grapevine reproductive development have described the 

characterization and expression of specific MIKC genes identified on the basis of their 

sequence homology to known genes in other plant species. This has been the case of several 

members of the  AP1/FUL, AP3/PI, AG, AGAMOUS-LIKE 6 (AGL6), SEP and  SOC1 

subfamilies  (Boss  et al., 2001; Boss and Thomas, 2002; Calonje  et al., 2004; Sreekantan 
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and Thomas, 2006; Sreekantan  et al., 2006; Poupin  et al., 2007; Fernandez  et al., 2012) 

The availability of whole genomic sequences, has allowed the development of genome-wide 

phylogenetic  analyses  of  these  genes  in  Arabidopsis  thaliana,  Oryza sativa (rice)  and 

Populus trichocarpa (Martinez-Castilla and Alvarez-Buylla, 2003; Parenicová et al., 2003; 

De Bodt et al., 2006; Kater et al., 2006; Leseberg et al., 2006; Arora et al., 2007) and more 

recently in Selaginella moellendorffii (Gramzow et al., 2012), maize, sorghum (Zhao et al., 

2011), papaya (Ming et al., 2012) and cucumber (Hu et al., 2012) among others. The fact 

that  the  grapevine  genome  has  not  undergone  recent  genome  polyploidizations  and 

reorganizations (Jaillon et al., 2007) helps facilitating the study of functional evolution of 

specific MIKC gene subfamilies. 

1.6.4. SQUAMOSA PROMOTER-BINDING LIKE gene family 
Other  relevant  group of  transcription  factors  involved  in  the  regulation  of  plant 

development  is  the  SQUAMOSA  PROMOTER-BINDING  LIKE  (SPL)  family  of 

transcription factors. This family is known to participate in the regulation of diverse plant 

developmental processes such as phase transition, flower and fruit development and plant 

architecture  (Wu and Poethig, 2006; Guo et al., 2008; Wu et al., 2009; Amasino, 2010). 

Ten of the 16 Arabipdopsis  SPL genes are post-transcriptionally regulated by  miR156, 

which incorporates endogenous age/developmental signals into vegetative phase transition 

and flowering (Wu and Poethig, 2006; Guo et al., 2008). This vegetative phase regulatory 

mechanism is also conserved in woody perennials (Wang et al., 2011). AtSPL3, 4, 5 and 9, 

all  belonging  to  the  miR156/7-targeted  SPL subfamily,  act  as  positive  regulators  of 

juvenile-to-adult phase change transition and flowering in Arabidopsis  (Wu et al., 2009; 

Yamaguchi  et al., 2009; Amasino, 2010) and are regulated by SOC1 (Jung et al., 2012). 

Arabidopsis  SPL2 is  also  miR156 targeted  and seems  to  be  involved  in  lateral  organ 

development within the reproductive phase  (Shikata  et al.,  2009).  The  miR156/7 non-
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targeted SPL8 gene is involved in pollen sac development (Unte et al., 2003) and required 

for male fertility  (Xing  et al., 2010). Arabidopsis  miR156/7 non-targeted  SPL subfamily 

(SPL1, 7, 12, 14 and 16) comprises the larger proteins in the family (Xing et al., 2010). 

Little is known about the functions of these putative transcriptional regulators with the 

exception  of  SPL14,  which  seems  to  regulate  plant  architecture  and  the  length  of 

vegetative phase. There is scarce information about the role of  SPL-like genes in woody 

species. Two genes (SPL-like 3 and 6) were detected during dormancy in poplar (Ruttink 

et al., 2007). In addition, an SPL2 homolog has also been found in grapevine which seems 

to be photoperiodically regulated (Sreekantan et al., 2010). 
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1.7. GENES INVOLVED IN THE REGULATION OF BUD 
DORMANCY IN PLANTS 

Although little is known about the molecular events underlying bud dormancy in 

woody species, there are significant evidences that signaling pathways regulating dormancy 

onset and release may share genetic components with flowering regulation. For example 

members of the FLOWERING LOCUS T (FT)/ TERMINAL FLOWER1 (TFL1) and the 

MADS-box gene families (Horvath, 2009). In this way, it has been reported that both FT 

and  TFL1 homologs are repressed in poplar and leafy spurge by environmental factors 

inducing dormancy (Böhlenius et al., 2006; Ruonala et al., 2008; Horvath, 2009; Anderson 

et al., 2010; Olsen, 2010). Moreover, over-expression of  Phytochrome A gene (PHYA) in 

transgenic poplar trees prevents  FT and TFL1 homologs repression and additionally the 

onset of dormancy  (Ruonala  et al., 2008). In addition, both genes are up regulated by 

chilling temperatures causing endodormancy release  (Rinne  et al., 2011). Regarding the 

MADS-box  gene  family,  genes  such  as  FLC and  SVP,  involved  in  the  temperature 

regulation of flowering response in Arabidopsis (Lee et al., 2007; Hemming and Trevaskis, 

2011), could participate in the regulation of bud dormancy in woody perennial species. 

FLC homologs are up regulated during endodormancy and their expression decreases after 

dormancy release both in trifoliate orange and leafy spurge (Zhang et al., 2009; Doğramaci 

et al., 2010). Similarly,  SVP homologs, known as  DORMANCY ASSOCIATED MADS-

BOX (DAM)  genes,  have  also  been  involved  in  growth  cessation  and  terminal  bud 

formation in woody perennial plants such as peach, raspberry, kiwi, apricot, leafy spurge, 

trifoliate orange or poplar (Mazzitelli  et al., 2007; Ruttink et al., 2007; Bielenberg et al., 

2008; Yamane et al., 2008; Zhang et al., 2009; Horvath et al., 2010; Li et al., 2010; Wu et  

al., 2012). In fact, the peach evergrowing (evg) mutant, has been shown to carry a deletion 

of  six  SVP-like genes  (PpDAM1–6)  resulting  in  a  complete  lack  of  dormancy  of  the 
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terminal shoot meristems (Bielenberg et al., 2008). Considering these evidences, it has been 

proposed that FLC and SVP-like genes could act by repressing FT expression, as they do 

during flowering in Arabidopsis  (Lee  et al., 2007). This would provoke growth cessation 

and/or endodormancy (Horvath, 2009; Doğramaci et al., 2010). 
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1.8. REPRODUCTIVE DEVELOPMENT AND ITS 
IMPACT ON AGRONOMIC TRAITS 

Understanding the genetic and molecular mechanisms responsible for bud dormancy, 

flowering transition and inflorescence and flower development in grapevine can be relevant 

to develop new genetic or management strategies to improve berry quality and production. 

In fact  important  traits  like precocity,  fertility,  cluster  structure  and compactness  are 

closely related to the reproductive biology of this species  (Jones, 2003; Carmona  et al., 

2007b). 

Precocity or production time is a complex trait that depends on the time and length 

of several processes: Bud sprouting time, flowering time, veraison time and ripening time. 

Cultivar  precocity  determines  its  production  window.  For  table  grape,  earlier  or  later 

varieties  are  selected  to  increase  the  production  outside  the  season.  For  wine  grape, 

cultivars in different regions have been selected to have a productive cycle that closely 

adapts  to  their  particular  climatic  conditions  to  achieve  an  optimal  quality  and yield 

(Jones  and  Davis,  2000). Climatic  changes  modify  the  environmental  conditions  and 

cultivars adapted to specific regions could not be productive anymore what could require a 

change of cultivars or the development of new viticulture techniques or new varieties for 

the new conditions (Jones et al., 2005; Bloesch et al., 2009). Fertility in grapevine is scored 

as  the  number  of  clusters  produced  per  cane  and  depends  on  the  fate  of  the  lateral 

meristems which differentiate in the latent buds of the first season. It is known that wine 

grape cultivars are more fertile than table grape ones  (Sanchez and Dokoozlian, 2005). 

However, high fertility is a selected trait in table grapes where high productions (up to 30 

Tm per hectare) are pursued, while is problematic in wine grapes, given that low yields 

(around 6 Tm per hectare) are required in high quality wine production regions, which 

increases the management costs (Figure 8). 
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Furthermore, determination of bud fertility is of great interest to design the pruning 

level required each year since environmental conditions to which latent buds are exposed 

affect their fertility. Traditionally, the number of clusters initiated in each bud has been 

determined through microscopic analyses. However, information on gene expression could 

provide tools for the design of more specific and simple analytical tools. Fertility is closely 

related to the decision to form either tendril or inflorescence from the lateral meristem. 

Cluster structure depends on the proliferation of inflorescence meristems before flower 

meristem initiation. As has been recently shown (Fernandez  et al., 2010) VvTFL1A, the 

homolog of  Arabidopsis TFL1  gene, seems to play a crucial role in the proliferation of 

meristems  giving  rise  to  tendril  and  inflorescences  and  in  cluster  structure.  High 

proliferation gives rise to larger and highly branched clusters. Compactness depends on 

cluster structure as well as berry number and volume and therefore can have additional 

components regarding fruit size and fruit set with higher fruit set giving rise to more 

compact clusters (Shavrukov et al., 2004). 
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2. OBJECTIVES 

Taking advantage of the recent availability of genomic tools based on the grapevine 

genome sequence, we proposed in this work to characterize at the genome level the process 

of  grapevine  reproductive  development  as  a  first  step  to  identify  the  regulatory 

components controlling the process. 

With this purpose we undertook the following specific objectives: 

-Characterization of the bud transcriptome along the annual cycle of the plant. 

-Characterization  and  comparison  of  the  global  transcription  pattern  along 

tendrils and inflorescences development. 

-Given the large involvement of members of the MADS-box gene family in the 

analyzed processes we also undertook the analysis of genomic structure of the 

MIKC  subfamily  in  grapevine  as  well  as  their  involvement  in  grapevine 

reproductive development.

-Finally, the biological function of two candidate genes identified was tested in 

transgenic plants using a gene silencing approach. 
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3. METHODS 

3.1. PLANT MATERIALS 

Grapevine (Vitis vinifera L. cultivar Tempranillo) samples were obtained from an 

experimental  vineyard  at  the Instituto Madrileño  de  Investigación y  Desarrollo  Rural, 

Agrario  y  Alimentario  (IMIDRA,  Alcalá  de  Henares,  Madrid).  Both  plant  and  bud 

developmental stages were classified following the developmental series of Baggiolini (1952) 

and modified E-L system (Coombe, 1995). 

For transcriptional profiling analysis along bud development, samples were collected 

at  equivalent  branch  positions  and  always  at  the  same  time  of  the  day.  Samples 

corresponding  to May (MAY),  June (JUN),  July  (JUL),  September (SEP),  November 

(NOV), January (JAN), March (MAR) and April (APR) buds were analyzed. 

For  transcriptional  profiling  analysis  along  tendril  and  inflorescence  development 

inflorescence primordia from stage B were collected after hand dissection of early stage B 

buds from which inflorescences bearing only inflorescence branch meristems but not flower 

meristems were selected. Inflorescences D and G correspond to the first inflorescence of the 

shoot in phenological stages D and G respectively. Inflorescences I correspond to flowers of 

the middle part of inflorescences at stage I. Expression in tendrils was analyzed at three 

time points. Samples were collected from the first, third and fifth tendrils of stage I shoots. 

Tendril number 1 corresponds to the latest developed by the shoot apex and was processed 

as a whole. Samples of tendrils in third and fifth positions were taken from part of their 

three  main  regions:  the  inner  and  outer  arms  (a),  the  branching  zone  (b)  and  the 

hypoclade zone (h). 

MADS-box expression analyses were performed on plant organs collected at different 

developmental  stages  during  two  consecutive  growing  seasons.  Organs  selected 

corresponded to: roots (root) obtained from in vitro grown plants of the same cultivar; 

young apical  shoot  internodes  (shoot),  leaves  (leaf)  and developing  tendrils  number  1 



(tendril) from plants of advanced stage H just before anthesis; latent July buds (bud), in 

which flower transition has already taken place, inflorescence meristems are differentiated 

but flower meristems are not present yet; flowers from advanced stage H (flower), just 

before anthesis; green fruits of 4-7 mm (pea size), stages J-K (fruit1) and fruits at veraison, 

stage M (fruit 2).

To analyze MADS-box expression along flower and tendril development, the following 

stages were considered: swelling buds collected in April during advanced phenological stage 

B (B2) bearing inflorescence meristems which are initiating the differentiation of flower 

meristems; small inflorescences from stages D (D) in which flower meristems are already 

formed; developing flowers from stage G (G) and early stages H (H1) which correspond to 

development of flower organs, being gynoecium initiated the last along stage H; flowers 

from advanced stage H (flower), just before anthesis; developing tendrils number 1 (T1) 

and developed tendril number 5 (T5) correspond to the first and fifth tendrils respectively.

MADS-box expression during the flowering transition was examined in first season 

latent  buds and in  B2 buds  during  the  second season.  First  season latent  buds  were 

collected at equivalent branch positions every month. May buds (May) were very young 

buds in which the SAM has not produced yet any inflorescence meristem; june buds (Jun) 

were  buds  in  which  the  SAM has  initiated  the  production  of  the  first  inflorescence 

meristems: in july buds (Jul) two inflorescence meristem that will give rise to two different 

clusters of grapes are usually present; august buds (Aug) corresponds to buds in which the 

inflorescence  meristems  have  actively  proliferated  giving  rise  to  inflorescence  branch 

meristems  subtended  by  a  bract  and  organized  in  a  spiral  phyllotaxy.  In  the  second 

growing season, swelling buds were collected in April during advanced phenological stage B 

(B2), that correspond to buds in which the inflorescence branch meristems display further 

proliferation and flower meristem start to be initiated. 
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Meteorological data were obtained from a station at Finca El Encin (IMIDRA, Alcalá 

de Henares). 

For  the  gene  silencing  experiments,  embryogenic  cultures  of  V.  vinifera var. 

Tempranillo  derived  from  anther  culture,  were  previously  selected  for  transformation 

efficiency and regeneration ability by the group of Dr. Laurent Torregrosa (SupAgro-INRA 

Montpellier)  (Bouquet  et al.,  2006).  These cultures were amplified on C1P medium to 

obtain  approximately  2  g  of  plant  material  per  construction  and  transformation 

experiment. (For culture media composition see Additional file 1).
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3.2. PLANT RNA EXTRACTION 

3.2.1. RNA for microarray hybridizations
Total RNA was extracted from frozen samples according to Reid et al., 2006. RNA 

purification  was  performed  using  the  RNeasy  Mini  Kit  (QIAGEN)  according  to 

manufacturer's protocols. To remove DNA traces in RNA samples, DNase I digestion was 

carried out with the RNase-Free DNase Set (QIAGEN). RNA samples were checked for 

integrity and quantity by Agilent’s Bioanalyzer 2100. 

3.2.2. RNA for MIKC genes expression evaluation by qRT-PCR
Total  RNA  was  extracted  following  the  same  procedure  as  above  but  without 

Bioanalyzer checking.

3.2.3. RNA for gene silencing evaluation experiment 
Total RNA was extracted from frozen tissues using the Spectrum Plant Total RNA 

Kit (Sigma-Aldrich), grinding the tissues directly into the 1.5 ml tubes with a sterile pestle 

and performing on-column DNase I digestion according to manufacturer's protocol to avoid 

DNA contamination. 
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3.3. MICROARRAY DATA PROCESSING AND 
ANALYSIS 

Microarray  hybridizations  were  performed at  the  Genomics  Unit  of  the  National 

Center for Biotechnology (CNB-CSIC, Madrid). 

Monitoring of transcriptional bud, inflorescence and tendril activity were analyzed 

using  Affymetrix  Grapegen GeneChip®.  Triplicate  hybridizations  were  performed from 

three biological replicates for each time point or sample tissue. Raw Affymetrix CEL files 

were imported to Robin software suite (Lohse et al., 2010) to perform data normalization 

using  the  RMA  method.  Principal  component  analysis  was  performed  using  Acuity 

software (Molecular Devices). The score matrix was used to select probe-sets that best fit 

the first principal components (PC1 and PC2), for bud analyses those with PC1 scores 

greater than 7 or lower than -7 were chosen. Likewise, probe-sets that best fitted PC2 were 

those with component score greater than 3 or lower than -3. In the case of inflorescence 

and tendril series PC1 and PC2 cut-off was set in 3.

Bud  differential  expression  analyses  were  performed  in  Multi  Experiment  Viewer 

(Saeed et al., 2003) using LIMMA, applying a 0.01 cut-off for P-value and log2 fold ratio 

greater than 1 and lower than -1. For differential expression between inflorescences and 

tendrils a T-test with a 0.001 cut-off for P-value and log2 ratio greater than |1| was used. 

For time-course analysis we used ANOVA with a 0.01 cut-off for P-value. P-values were 

always corrected using the Benjamini-Hochberg test. 

To  identify  the  biological  functions  more  abundant  within  selected  probe  sets, 

functional enrichment analyses were performed using FatiGO (Medina et al., 2010) setting 

a P-value cut-off lower than 0.05. Functional categories were based on manual annotation 

of the custom made GrapeGen GeneChip®, based on the 12X v1 grape genome assembly, 
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described in Grimplet et al., 2012. 

To represent the expression profiles of key regulators of reproductive development, 

these  were  selected  according  to  their  functional  annotation  (Grimplet  et  al.,  2012). 

Expression  values  were  extracted  from the  whole  experiment  normalized  data  matrix 

(averaged from the triplicates per sample and probe set). When more than one probe set 

matched a single gene transcript, only the best BLAST scored was selected. Hierarchical 

clustering was performed using MultiExperiment Viewer  (Saeed  et al.,  2003) based on 

Pearson's correlation and using the complete linkage option. 
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3.4. REAL-TIME QUANTITATIVE RT-PCR GENE 
EXPRESSION ANALYSES

Total RNA (1 μg) was reverse transcribed in a reaction mixture of 20 μL containing 

1X PCR Buffer II (Applied Biosystem), 5 mM MgCl2, 1 mM dNTP, 20 U RNase inhibitor, 

50 U MuLV reverse transcriptase (Applied Biosystems), 2.5 μM Oligo d(T)18 and DEPC- 

treated water. Reactions were performed in a final volume of 15 μL containing 7.5 μL of 2X 

Power SYBR Green PCR Master Mix (including AmpliTaq Gold DNA Polymerase-LD, 

dNTPs and SYBR Green dye), 333 nM of forward and reverse specific primers and 1:10 

dilution of cDNA. After enzyme activation at 95°C for 10 min, amplification was carried 

out in a two-step PCR procedure with 40 cycles of 15 s at 95°C for denaturation and 1 

min at 60°C for annealing/extension. Dissociation curves for each amplicon were analyzed 

to verify the specificity of each amplification reaction; the dissociation curve was obtained 

by heating the amplicon from 60°C to 95°C. No-template controls were included for each 

primer pair and each PCR reaction was performed in triplicates. 

Primers were designed using the OligoExplorer 1.2 software  (‘OligoExplorer’) and 

PerlPrimer (Marshall, 2004). See Additional file 2A for qRT-PCR primer sequences. 

For MIKC genes, transcript levels were determined by qRT-PCR using a 7300 Real 

Time PCR System (Applied Biosystems)  and SYBR Green dye  (Applied  Biosystems). 

Data were analyzed using the 7300 SDS software 1.3 (Applied Biosystems). Transcript 

level was calculated using the standard curve method and normalized against grapevine 

ELONGATION FACTOR-1α gene (VvEF1- ;  α BQ799343) for organ expression analyses 

and grapevine ubiquitin gene (VvUB; CF406001) for bud expression analyses as reference 

controls. Relative data of gene expression with respect to control genes were gene-wise 

normalized using Genesis  software  (Sturn  et  al.,  2002).  Hierarchical  clustering of  gene 

expression data was performed using the same software. 
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In the case of gene silencing evaluation, qRT-PCR was performed in the 7500 Real 

Time PCR System (Applied Biosystems) and the transcript levels were calculated using 

the delta-delta CT method and normalized against grapevine GADPH gene (VvGADPH) 

and  UBIQUITIN gene  (VvUB;  CF406001).  Primer  sequences  used  in  the  qRT-PCR 

analyses are listed in Additional file 2A.
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3.5. DATABASE SEARCH, GENE STRUCTURE 
DETERMINATION AND CHROMOSOMAL LOCATION 
OF GRAPEVINE MIKC GENES

 

Protein sequences encoded by MIKC genes in grapevine were searched using BLAST 

(Altschul et al., 1997) at the Genoscope BLAST server (8X version) (Genoscope, a) and at 

the ESTs databases of the Gene Index Project and the NCBI (‘NCBI’, ‘TGI’). Prediction 

of  gene  structure  from  genomic  contigs  was  performed  using  FGENESH  software 

(‘SoftBerry’). In addition, we carried out an HMM (Hidden Markov Model) search in the 

Proteome database of Genoscope Genome Project (Genoscope, b) using two different HMM 

profiles. One was constructed with the MADS-box domain of MIKC genes of Arabidopsis 

and poplar while the other domain profile (SRF, Serum Response Factor) was obtained 

from Pfam  (Finn  et  al.,  2006).  Profile  generation  and  searches  were  performed  using 

HMMER  software  package  (Eddy,  1998).  Sequences  were  edited  and  analyzed  using 

BioEdit v7.0.9 software  (Hall, 1999). Gene structure was deduced from Genoscope gene 

annotations  or  from  manual  annotation  based  on  the  genomic  sequence  provided  by 

Genoscope  and its  comparison  with  the  corresponding  ESTs and the  deduced  protein 

sequences for homologous MIKC genes of Arabidopsis and poplar. Chromosomal location 

of MIKC genes was obtained using the BLAT server and additional physical localization 

tools at the Genoscope Genome Browser. Several additional genes were assigned to their 

corresponding  chromosomes  by  searching  on  12X version and analyzing  the  available 

information of the IASMA sequencing project (Velasco et al., 2007). 
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3.6. PHYLOGENETIC ANALYSIS 

Phylogenetic  and  molecular  evolutionary  analyses  were  conducted  using  MEGA 

version 4  (Tamura  et al., 2007). To generate a phylogenetic tree, complete MIKCC-type 

predicted  proteins  of  Arabidopsis,  poplar  and  grapevine  were  aligned  with  Multalin 

(Corpet, 1988). Neighbor-joining (NJ) method was used to construct different trees. To 

estimate evolutionary distances, the proportion of aminoacid differences were computed 

using aminoacid p-distance. To handle gaps and missing data, the pairwise-deletion option 

was used. Reliability of the obtained trees was tested using bootstrap with 1,000 replicates. 

Additional  phylogenetic  trees  were  built  for  MIKC  proteins  belonging  to  the  TM8, 

AP1/FUL, SEP and SVP subfamilies,  including additional  proteins from plant  species 

other than Arabidopsis and poplar in the case of TM8 and SEP proteins. 
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3.7. GENE SILENCING EXPERIMENT 

3.7.1. Generation of gene silencing constructs 
Several vectors were used along the cloning and gene construct process. The vector 

pGEM-T-Easy  (Promega)  was  used  in  the  first  cloning  step  from cDNA.  The  vector 

pDNONR207 (Invitrogen) was used to generate  attL-flanked entry clones containing the 

fragment  of  interest.  This  vector  carries  the  Kanamycin  resistance  gene  (nptII)  for 

selection in E. coli. The vector pHELLSGATE12 vector (Helliwell and Waterhouse, 2003) 

was  designed  to  facilitate  the  construction  of  large  sets  of  hairpin-expression  binary 

vectors, due to the high recombination efficiency of the Gateway™ system (Hartley et al., 

2000). This  vector  (provided  by  CSIRO  Plant  Industry,  Australia)  contains  the 

Kanamycin resistance gene (nptII) under the nopaline synthase promoter control as plant 

selectable  marker  (located  in  the  T-DNA)  and  the  Spectinomycin  resistance  gene  for 

selection in bacteria. In addition, it contains two introns in opposite orientations so that 

the final product of recombination always contains one spliceable intron regardless of the 

orientation of  the Gateway™ recombination reaction. Both Gateway™-adapted vectors 

bear  the  ccdB gene  flanked  by  the  recombination  sites,  avoiding  the  proliferation  of 

bacteria carrying an empty vector that in the case of pHELLSGATE12, this ensures that 

the two halves of the hairpin are present (Figure 9). For vector details and maps see 

Additional file 3. 
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Constructs were made for VvAP1 and VvTFL1A. The 3' end sequences of these genes 

were isolated from cDNA by PCR with specific primers and cloned into pGEM-T-Easy (for 

PCR details see Additional file 4 and for cloning primers Additional file 2B). Fragments 

spanning 180bp and 189bp of the 3'UTR region of respectively  VvAP1 and  VvTFL1A, 

were PCR amplified from pGEM clones using the proofreading  Pwo DNA Polymerase 

(Roche Applied Science) and adding attB1 and attB2 adapters to use it with the Gateway 

cloning technology. To improve the efficiency of the cloning process, this task was carried 

out in two steps (the first PCR round with primers containing the gene-specific part of the 

gene plus a portion (12bp) of  the  attB recombination site and the second round with 
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Figure  9: Simplified schema of the procedure for gene-silencing strategy used.  (Modified from 
CSIRO website)



primers  containing  the  full  attB recombination  site.  Fragments  were  cloned  by 

recombination using the BP Clonase® (Invitrogen) into the pDONR207 vector to generate 

the entry clone following this procedure: 0.5  μL of BP Clonase® was added to a mix 

composed by 2 μL of PCR product, 0.5 μL of pDONR207 vector (~120 ng), 1 μL of 5X BP 

buffer and was filled up to 5 μL with TE buffer, pH 8. Incubation was O/N at 20°C. To 

stop reaction the sample was incubated with 0.5 μL Proteinase K (2 μg/μL) during 15 min 

at 37°C. 

Each  entry  clone  was  submitted  to  LR reaction  together  with  pHELLSGATE12 

vector (provided by CSIRO Plant Industry, Australia) using the LR Clonase® (Invitrogen) 

to generate an expression clone, according to the following protocol: one microliter of LR 

Clonase II® (Invitrogen) were added to a mix prepared with 75 ng of the entry clone (1 

μL), 75 ng (1 μL) of destination vector (pHELLSGATE12) and filled up to 5 μL with TE 

buffer pH 8 (2  μL). Upon incubation during 1 h at 25°C the reaction was stopped by 

adding 0.5 μL of Proteinase K (2 μg/μL) to the mix and incubating during 10 min at 37°C. 

3.7.2. Bacterial transformation 
Gene  constructs  were  transformed  into  E.  coli Top10  DH5  competent  cellsα  

(Invitrogen)  by heat shock.  One microliter  of  LR product  was added to the bacterial 

culture (50 μL) and incubated during 30 min on ice. After that, the mix was submitted to 

heat shock (30 s at 42°C) and immediately transferred to ice, where was incubated during 

5 min. Finally 250 μL of SOC medium was added and bacteria were grown during 1h at 

37°C in a shaking incubator (200 rpm). To select positive transformants, bacterial culture 

(100 μL) was plated onto LB plus the selective agent of choice (Table I) and grown O/N 

at 37°C. After that, to test the presence of the construct, selected individual colonies were 

picked up with an sterile toothpick and resuspended in 10 μL of sterile water, taking 2.5 

μL of bacterial suspension to add it to the PCR mix (AmpliTaqGold) See Additional file 4. 
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Antibiotics for selecting transformants are shown in Table I.

For plasmid isolation, selected individual colonies were picked up and grown in 5ml 

LB medium with the chosen antibiotic (Table I) O/N at 37°C in a shaking incubator (200 

rpm). After that, bacterial cells were harvested by centrifugation and plasmid extraction 

was  performed  using  the  Wizard®  Plus  SV  Minipreps  DNA  Purification  System 

(Promega), according to manufacturer's protocol. 

Agrobacterium tumefaciens EHA105  (Hood  et al., 1993) hypervirulent strain, that 

was transformed with the constructs by electroporation. Fourty microliters of bacterial 

culture plus 1.5  μL of the expression clone were transferred to a 0.2 cm electroporation 

cuvette and a pulse of 2.2 KV during ~5.45 ms was applied. Upon shock, 1 ml of MGLB 

medium was added and bacteria were grown during 2 h at 28°C in a shaking incubator 

(200 rpm). Afterwards, 25 and 250  μL of bacterial culture were respectively plated onto 

MGLB medium containing  12.5  μg/mL Rifampicin  and  50  μg/mL Spectinomycin  and 

grown during 48 h at 28°C. 

3.7.3. Grapevine transformation 
We used the transformation protocol described by Torregrosa et al, (2002) with a few 

modifications. Embryogenic  calli were transformed by co-cultivation with Agrobacterium. 

A 48 h culture of Agrobacterium in 90 mm MGLB agar plate (plus 50 mg/L spectinomycin 

and 12.5 mg/L rifampicin) was harvested with an spatula and resuspended in 100 ml 
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Table I: Antibiotics used for selecting putative bacterial transformants

Vector Selective agent Positive selection
pGEM-T-easy Carbenicillin (100 μg/mL) 20%IPGT and 2%X-Gal (white colonies)

pDONR207 Gentamycin (15μg/mL) -
pHELLSGATE12 Spectinomycin (100 μg/mL) -



induction medium (GS1-CA without activated charcoal and growth regulators) plus 100 

μM acetosyringone (AS). Collected bacteria were resuspended into the liquid medium until 

OD600=  0.25  –  0.45.  Embryogenic  calli  were  collected  from  plate  and  added  to 

Agrobacterium suspension (one gram of callus in 20 ml of suspension) and then incubated 

for 15 min at room temperature, shaken for 1 to 2 s three times. Calli were filtered from 

the  liquid  medium  with  a  100  μm nylon  net  (Millipore®,  StQuentin-Yveline,France), 

blotted on sterile filter paper to remove the excess of liquid and gently transferred onto 90 

mm GS1-CA plates plus 100 μM AS (without growth regulators and pH 5.8). Calli were 

co-cultured in the dark for 48 h at 25°C and after that washed three times. First washing 

were  done  with  30  ml  GS1-CA medium (pH 6.5)  without  neither  antibiotics,  growth 

regulators nor activated charcoal. The two following were done with the same medium but 

adding  400  μg/mL amoxycilin/potassium clavulanate  (5/1)  (Duchefa)  and  400  μg/mL 

cefotaxime (Duchefa). 

Embryogenic calli were distributed onto 55 mm plates containing GS1-CA medium 

(with growth regulators) plus 400 μg/mL amoxycilin/potassium clavulanate (5/1) and 400 

μg/mL cefotaxime (pH 6.5) and cultured during 3 weeks at 25°C. 

After this growing period we began the selection process and calli were transferred 

onto  55  mm  plates  containing  GS1-CA  with  150  μg/mL  kanamycin  (plus 

amoxycilin/potassium  clavulanate  (5/1)  and  400  μg/mL  cefotaxime).  The  calli  were 

subcultured every 3 to 4 wk with a kanamycin concentration of 150 μg/mL (decreasing the 

concentration of amoxycilin/potassium clavulanate (5/1) and cefotaxime to 200  μg/mL). 

After  three  subcultures  on  selective  medium,  the  calli  were  spread  in  90  mm plates 

containing  MS/2 medium plus  100  μg/mL kanamycin  to promote the  development of 

putative  transformed  embryos.  Emerged  embryo-like  structures  with  roots  were 

subcultured after 4 weeks in three separate blocks reducing kanamycin to 25, 12.5 and 6.25 

μg/mL  respectively.  Individualized  embryos  were  cultured  under  indirect  light  (~15 
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μE/s/m2)  in  greening  medium  (MS/2  plus  20  μM  of  6-BAP)  to  promote  embryo 

development. Emerging shoots were subcultured on MS/2 for whole plant regeneration, by 

microcuttings. 

To ensure reproducibility of results, the transformation and somatic embryogenesis 

experiment was carried out three times for the two constructs plus the non-transformed 

control. (For media composition see Additional file 1).

Putative transgenic plants were acclimated in 120 mm diameter pots filled with a 

mixture  3:1  peat:sand  in  a  P2  safety-level  greenhouse  of  the  National  Centre  for 

Biotechnology (CNB-CSIC, Madrid). Plants were grown in long day photoperiod, at 22°C 

and 60% of relative humidity and watered twice a week.

 

3.7.4. Testing of transgenic plants 
Total cellular DNA was extracted from frozen plantlet leaves using the TissueLyser 

disruption system (QIAGEN) and the DNeasy Plant Mini Kit (QIAGEN) according to 

manufacturer's  protocols.  To  test  the  presence  of  the  construct  a  PCR using  specific 

primers to amplify the  CaMV35S promoter (that is located at the beginning of the T-

DNA)  was  carried  out  (for  PCR  details  see  Additional  file  4).  Negative  control  for 

spectinomycin  resistance-gene,  given  that  its  outside  of  T-DNA  (and  should  not  be 

transferred to the plant) was performed in the same conditions.
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4. RESULTS 

4.1. TRANSCRIPTIONAL ANALYSIS ALONG BUD 
DEVELOPMENT IN GRAPEVINE 

4.1.1. Bud transcriptome variation along the annual cycle 
The  grapevine  transcriptome  was  analyzed  along  bud  development  during  the 

complete annual cycle which includes two growing seasons.

Grapevine  bud  development  is  modulated  by  environmental  factors  such  as 

temperature  and  day  length  (Lavee  and  May,  1997).  In  our  experimental  conditions, 

Tempranillo  cv.  latent  buds are  formed during  the  first  growing season in  the  young 

sprouting stems between April and May (APR-MAY) and experience active developmental 

processes involved in the set up of the vegetative and reproductive growth until the end of 

the summer (Figure 10; Carmona et al., 2008).



flowering transition takes place within latent buds around the middle of June (JUN) 

and inflorescence primordia differentiate from lateral meristems developed by the shoot 

apex.  Inflorescence  meristems proliferate to generate inflorescence  branch meristems in 

complex inflorescence primordia along July (JUL) and August (AUG)  (Carmona  et al., 

2002). In our growing conditions, Tempranillo buds are endodormant in the second half of 

September (SEP) and endodormancy is released by the end of November (NOV), although 

buds remain in an ecodormant stage from DEC to MAR (Martínez de Toda, 1991). Once 

winter is over, ecodormancy is released and inflorescence branch meristems proliferate to 

produce flower meristems in April (APR) swelling buds that initiate the second growing 
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Figure 10: Bud developmental stages along the year in parallel with environmental changes in 
temperature and day length. A: Temperatures from May to April  are shown as monthly minimum 
average (blue line), monthly maximum average (orange line) and the monthly average (yellow line). Day 
length  (gray  line)  is  shown  as  light  hours  per  day.  B:  At  bottom,  pictures  representing  the  different 
developmental stages are shown. Developmental stages correspond to latent buds from May, June and July, 
dormant buds from September to March and swelling buds from April. 



season (Carmona et al., 2002). 

High throughput transcriptional analysis was performed along bud development on 

bud samples collected at 8 different time points during the annual cycle (see Methods). 

Principal  Components Analysis (PCA) was performed on the whole expression dataset 

(Additional file 5) to verify correlation among different biological replicates and to identify 

main sources of gene expression variation. The results of the PCA plot showed consistency 

across biological replicates, as shown in Figure 11. 

The first two principal components (PC1 and PC2) explained 77.5 percent of the 

total variability in gene expression (62.2 percent and 15.3 percent respectively). PC1 seems 
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Figure  11:  Bi-dimensional  loading score plot  of  the sample replicates resulting from PCA 
analysis. X axis represents PC1 that explain 62.2% of the variability and Y axis represents PC2 that  
explain 15.3% of the variability. Samples belonging to the same time-point were in the same color. 



to represent the time course evolution of bud developmental stages and appears to be reset 

to the original status with bud swelling, since APR bud samples of the second season were 

neighboring to MAY bud samples of the first season (in the same quadrant), revealing a 

high  transcriptome  similarity  between  those  two  stages.  PC2  highlights  major 

transcriptome differences between JUN, JUL and SEP samples and the remaining time 

points. 

To investigate the biological basis of the principal components, transcripts with the 

highest contribution to each component in the analysis were identified according to the 

absolute value of their component score (CS) for PC1 and PC2 (Additional files 6 and 7).  

Figure 12 shows the expression profiles of transcripts mostly contributing to PC1.

 Transcripts with negative CS values (547 transcripts, blue color) were up-regulated 

in  non-dormant  buds  and  showed  declining  expression  during  endodormancy  and  the 

lowest  expression  during  ecodormancy.  Transcripts  with  positive  CS  values  (204 
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Figure  12:  Top-scored  transcripts  for  Principal  Component  1. A:  Expression  profiles  of  the 
transcripts with positive component score values(orange lines) and negative component score values (blue 
lines). Each single line represents the average of mean-centered expression values for an individual transcript. 
B: Functional categories over-represented in each cluster. Color code is the same as in A. Absolute values of 
the  log10  transformed  P-values  were  used for  the  bar  diagram representing  statistical  signification,  only 
categories  with  P-values  <  0.05  were  shown.  BF:  bud  formation;  FI:  flowering  transition;  END: 
endodormancy; ECD: ecodormancy; GR: growth resumption.



transcripts, orange color) followed the opposite trend (Figure 12A). Functional enrichment 

analyses  indicated  that  the  transcripts  up-regulated  in  non-dormant  buds  were 

characteristic  of  actively  proliferating  and  growing  cells  (Figure  12B).  Among  them, 

transcripts related with cell division, cell growth and differentiation (cell-cycle regulation, 

microtubule-driven  movement,  chromatin  assembly,  cell  growth,  peptidase-mediated 

proteolysis  and  cell  wall  metabolism)  and  those  related  with  primary  and  secondary 

metabolism (photosynthesis, fatty acid biosynthesis, flavonoid biosynthesis and aromatic 

compounds glycosidation) showed high CS value. 

On the other hand, the most significant functional categories contributing to PC1 

and  enriched  in  dormant  buds  (orange  color)  were  those  related  to  stress  responses 

(stilbenoid biosynthesis, "HSP-mediated protein folding", temperature stress response, as 

well as CCAAT transcription factor family). In addition, we observed an increase in ABA 

and in starch catabolism related genes. 

Regarding PC2, the enriched functional categories contributing to its negative values 

were  those  related  to  stress  responses  characteristic  of  JUN,  JUL and  SEP samples, 

whereas the functional categories associated with its positive values were those related to 

cell  proliferation that show higher expression in non-dormant buds (Additional file 8). 

Therefore, PC2 could represent the transcriptional effects of the stress experienced by buds 

from JUN to SEP with respect to the remaining stages. 

4.1.2. Transcriptome changes associated to bud developmental 
transitions 

In order  to identify  those  developmental  stages  representing  major  transcriptome 

changes  during  the  annual  cycle  of  the  bud,  we  performed  a  pair-wise  differential 

expression  analysis  between  consecutive  time  points.  The  number  of  differentially 
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expressed genes varied strikingly among sample pairs (Figure 13). 

Major changes were observed between JUL and SEP (involving 3139 transcripts), 

SEP  and  NOV  (involving  2002  transcripts)  and  MAR  and  APR  (involving  5658 

transcripts), representing the most drastic bud transcriptome transitions. Interestingly, in 

the  Northern  hemisphere  these  transitions  could  be  associated,  respectively,  to  the 

proposed  timing  for  para/endodormancy  (endormancy  onset),  endo/ecodormancy 

(endodormancy release) and ecodormancy/bud break transitions (Martínez de Toda, 1991; 
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Figure  13:  Differential  expression  between  stages  along  bud  development.  The  histogram 
represents the number of differentially expressed transcripts between each consecutive stage pair, sense of the 
bars indicates if the transcripts were differentially expressed in the earlier stage versus later stage (on the left 
side in blue) or in later stage versus the earlier one (on the right side in red). Numbers correspond to the  
number of non redundant transcripts in each class.



Lavee and May, 1997; Dokoozlian, 1999). These results supported the conclusions of the 

PCA experiment, suggesting that the transitions between bud dormancy and active growth 

explains most of the variation in bud gene expression profiles. 

In  order  to  identify  biological  functions  involved  in  the  three  major  bud 

transcriptional changes we performed studies of functional categories enrichment (Figure 

14). 
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Figure 14: (See legend on next page.) 



(See figure on previous page.) 

Figure  14:  Functional  categories  over-represented  in  the  pair  wise  comparisons. Bar  chart 
summarizes the significantly enriched functional categories between stages flanking these transitions. The 
sense of the bars indicate whether transcripts were differentially expressed in the earlier versus later stage  
(on the left side) or in later stage versus the earlier one (on the right side). Absolute values of the log 10 

transformed P-values (of the enrichment analysis) were used for plotting, only categories with P-values lower 
than threshold (0.05) were shown.

The para/endodormancy transition (JUL to SEP) (Figure 14A) was characterized by 

a major reduction in enriched functional categories that mostly contributed to PC1 in 

Figure 12. Among them, categories related to cell proliferation (including regulation of cell 

cycle, chromatin assembly and microtubule organization and biogenesis) and cell growth 

and death, were down regulated from JUL to SEP. Cell wall organization and biogenesis, 

also  linked  to  cellular  processes,  was  significantly  reduced  with  endodormancy. 

Modification of the cell wall, mainly xyloglucans metabolism and cell wall proteins, was an 

enriched category in JUL samples but not in SEP. However, cell wall biosynthesis (mainly 

including cellulose biosynthesis  transcripts)  appeared as a significant category in  SEP. 

Metabolism of carbohydrates was in some aspects related to cell wall metabolism, thus 1,3-

-glucan catabolism predominated in JUL while  in SEP carbohydrate metabolism wasβ  

mainly represented by starch and sucrose metabolism. 

Representation of photosynthesis-related functional categories also decreased during 

para/endodormancy  transition.  Lipid  metabolism  (including  fatty  acid  biosynthesis, 

glycerolipds metabolism and oxylipins) was also under-represented in this transition. Other 

significant functional categories that were down-regulated from JUL to SEP were those 

related to stress responses (mainly abiotic and temperature), chaperone-mediated protein 

folding and aquaporins (mainly TIP). Within the signaling pathways functional category, 

129 transcripts were down regulated between JUL and SEP. Among them salicylic acid-

mediated signaling was significantly enriched. 
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The transcription factor functional category was also significantly enriched among 

transcripts down-regulated in this comparison. Among them, a significant enrichment was

also proven for the ERF subfamily (9 transcripts), within the AP2-like transcription factor 

family, most of them related to ethylene regulated responses. 

Only  a  few  functional  categories  were  significantly  enriched  among  transcripts 

showing  up-regulation  from  JUL  to  SEP.  Apart  from  those  concerning  cell  wall 

organization and biogenesis and carbohydrate metabolism that were previously described, 

functional categories related to metabolism of nucleotides and nucleic acids and protein 

metabolism were also significant. 

The endo/ecodormancy transition (SEP to NOV) (Figure 14B) was characterized by 

a further decline in transcripts participating in cellular processes as well as primary and 

secondary  metabolism  functional  categories,  similar  to  what  was  observed  in  the 

para/endodormancy transition. Functional categories related to cell wall metabolism and 

biogenesis  (mainly  based  on  biosynthesis  of  cellulose,  catabolism  of  pectins  and 

modification of  pectins and xyloglucans) were still  relevant in SEP and further  down-

regulated in NOV. Moreover, carbohydrate metabolism-related transcripts that were down-

regulated from SEP to NOV corresponded now to oligosaccharides metabolism and glucans 

catabolism. Stress responses were also down-regulated from SEP to NOV, especially those 

categories related to oxidative stress. On the other hand, the SEP to NOV transition was 

marked  by an increase  in  the  expression  of  transcripts  related  with  ABA catabolism, 

stilbenoid biosynthesis, nicotinate and nicotinamide metabolism as well as nucleotide and 

amino acid transport and the ERF subfamily of transcription factors. 

The  ecodormancy/budbreak  transition  (MAR  to  APR)  (Figure  14C)  was 
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characterized by down-regulation of specific functional categories involved in starch and 

sugar  catabolism or  signaling  and stress  responses  mainly  related  to  previous  periods. 

Several transcription factor families known to be involved in stress adaptive responses such 

as HSF, NAC and WRKY families were also down-regulated. However, bud break in APR 

was characterized by up-regulation of categories related to cellular processes required for 

cell proliferation (chromatin assembly, microtubule organization and biogenesis, cell cycle 

regulation) and cell growth (cell growth and death, cell wall organization and biogenesis, 

photosynthesis and primary and secondary metabolism). Secondary metabolism enriched 

categories  included  flavonoid  biosynthesis  (mainly  anthocyanins)  as  well  as  aromatic 

compound and shikimate metabolism, as probable flavonoid precursors. In this case the 

enrichment of hormone signaling functional category was mainly due to auxin and salicylic 

acid related-trancripts. 

4.1.3. Expression profiles of key regulators of reproductive development  
 As mentioned above, flowering transition in grapevine takes place in latent buds at 

the  beginning  of  the  summer  whereas  flower  meristem  differentiation  and  flower 

development take place in the second growing season (Mullins et al., 1992; Gerrath, 1993; 

Carmona et al., 2007b, 2008). To identify putative genes involved in flowering transition 

and  flower  development,  we  examined  in  detail  the  expression  profiles  along  bud 

development of the  VFL gene, the MIKCC-type  MADS-box, the  SPL and the  FT/TFL1 

gene families. Hierarchical clustering based on bud expression values of these transcripts 

along the annual cycle were represented in Figure 15. Consistently with the main bud 

transcriptional  profiles  described  in  the  previous  section,  expression  analyses  of  those 

transcripts identified three distinct clusters. 
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Figure  15:  Hierarchical  clustering  of  expression  profiles  of  key  regulators  of  reproductive 
development along bud development. MADS-box gene family (blue boxes),  SPL gene family (green 
boxes), FT/TFL1 gene family (orange boxes) and the VFL gene (red box). Color scale (on top), represent 
mean-centered expression values.



The first cluster grouped transcripts up-regulated in non-dormant buds and down-

regulated during dormancy or, in other words, expressed in latent buds when inflorescence 

primordia are initiated and proliferate. Some of them were again up-regulated during bud 

break in April, when inflorescence meristems can still proliferate and flower meristems and 

flower organs are being formed (VvSVP5 and some SPL-L). This cluster comprises among 

others  VvSOC1.1,  VvFLC1 and  VvSVP subfamily.  The  first  cluster  also  included 

VvMFT1, a member of the  FT/TFL1 family of transcriptional regulators, with highest 

expression  during  the  first  season.  In  addition,  APETALA3.2,  PISTILLATA and 

AGAMOUS homologs were detected within this cluster as well as many homologs of  A. 

thaliana SPL genes (SPL2, SPL3, SPL4, SPL5, SPL8 and SPL9) were also expressed in 

April. 

The second cluster contained transcripts with highest expression during budbreak, 

among  them  VvFT and  VFL transcripts  (the  grapevine  homologs  of  FLOWERING 

LOCUS T and  LEAFY genes  respectively)  are  the  most  representative.  In  addition, 

VvSPL13-L and  VvAG3 or  VvFUL-L, VvAGL6.2 and  VvSEP4 transcripts were grouped 

within this cluster. 

The third cluster grouped transcripts up-regulated in dormant buds showing opposite 

expression to those of cluster 1 and included  VvFLC2,  VvAGL15.1 (which Arabidopsis 

homologs  have  been  involved  in  flowering  repression),  some  SPL family  members 

(VvSPL6-L, VvSPL12-L and VvSPL14-L) as well as VvTFL1C and VvMFT2, members of 

the FT/TFL1 family. 
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4.2. TRANSCRIPTOME VARIATION ALONG TENDRIL 
AND INFLORESCENCE DEVELOPMENT

We  have  performed  a  transcriptional  analysis  of  inflorescence  and  tendril 

development to identify both common and differential transcriptional regulatory patterns. 

Firstly,  development  of  grapevine  inflorescences  and  tendrils,  under  our  experimental 

conditions, was initially correlated with Baggiolini´s phenological stages (Baggiolini, 1952) 

(Figure 16). 

At  phenological  stage  B  (Figure  16A)  inflorescence  branch  meristems  could  still 

produce additional inflorescence meristems further differentiating into flower meristems. At 

stage D (Figure 16B), flower meristems had already been formed and sepal primordia were 

initiated  in  the  outer  region  of  flower  meristems.  The  development  of  flower  organs 

spanned phenological stages E to H. At stage G (Figure 16C), inflorescences were well 
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Figure 16: Developmental stages of inflorescence and tendril analyzed in this study. A: B2 stage 
bud from where Inflorescence was excised; B: D stage bud containing two developing inflorescences; C: G 
stage inflorescence; D: Pre-anthesis stage (25% bloom). E: Tendril stages; T1, T3 and T5 indicate respectively 
the first, third and fifth tendril from the apex. h: hypoclade; b: branching zone; ia: inner arm; oa: outer arm.



developed, but flowers were not completely formed since differentiation of gynoecium is the 

latest  and takes place along stage H. Finally,  phenological  stage I  corresponds to the 

beginning of anthesis (Figure 16D).

On the  other  hand,  tendril  development  was  initiated  after  bud break  with  the 

formation of an abaxial bract, closely followed by a sub-equal division of the tendril apex 

forming the inner and outer arm. As tendrils developed, both arms elongated and grew out 

to past the bract, reaching their final size (Figure 16E). 

4.2.1. Main components of transcriptome variation 
In  order  to  identify  transcriptional  changes  related  with  the  regulation  of 

inflorescence  and  tendril  growth  and  differentiation  we  perform  a  high  throughput 

transcriptional analysis along inflorescence and tendril development using samples collected 

at four (inflorescence) or three (tendril) time points during the second growing season (see 

Methods). Principal Components Analysis (PCA) was performed on the whole expression 

dataset (Additional file 9) to confirm correlation among different biological replicates and 

to identify the main components of gene expression variation (Figure 17). 
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As shown in Figure 17A, the results  of  the PCA plot showed consistency across 

biological replicates for every time point. The first two principal components explained 

65% of the total variation in gene expression. PC1 could explain the time course evolution 

in both tendril and inflorescence development with young initial structures being placed to 

the right and mature structures to the left. PC2 distinguished tendril from inflorescences 

samples with T5 (tendril) and I (inflorescence) samples being the most divergent in the 

analyses. Furthermore, B, D and G inflorescence samples that contain stem tissue were 
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Figure  17:  Bi-dimensional  loading  score plot  of  the sample replicates  resulting  from PCA 
analysis. A: whole experiment dataset; B: Tendril dataset; C: Inflorescence dataset. Percent of variation 
explained by each PC are shown in brackets. Samples belonging to the same time-point were in the same 
color. 



closer  to  tendril  samples  than  I  samples  only  containing  flowers  (see  Materials  and 

Methods).  To  further  discriminate  the  main  components  explaining  gene  expression 

variation along tendril development and inflorescence development, PCA was performed 

independently on each set of samples.

4.2.1.1. Tendril development 
For  the  tendril  gene  expression  dataset  (T1,  T3  and  T5  developmental  stages) 

(Additional file 9), PC1 explained more than 73% of gene expression variation apparently 

related to the time course of tendril development. By contrast, PC2 that differentiated T3 

from T1 and T5 only explained 20% (Figure 17B).

To investigate the biological basis of PC1, transcripts with the highest contribution 

to this component were identified according to their absolute component score (CS) value 

for PC1 (Additional file 9; Figure 18)
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Figure 18: Top-scored transcripts for tendril data Principal Component 1. A: Expression profiles 
of the transcripts with positive or negative component score values. Each single line represents the average of 
mean-centered expression values for an individual transcript. B: Functional categories over-represented in 
each cluster. Color code is the same as in A. Absolute values of the log10 transformed P-values were used for 
the bar diagram representing statistical signification, only categories with P-values < 0.05 were shown. 



Figure 18A shows the expression profiles of these transcripts that correspond to 676 

genes. Transcripts up-regulated (297 transcripts) are depicted in green. Transcripts down-

regulated  (379  transcripts)  are  depicted  in  blue  (Figure  18A).  Functional  enrichment 

analyses indicated that group of  up-regulated transcripts was highly enriched in those 

encoding gene products involved in cell wall metabolism (specifically cellulose biosynthesis 

and  pectin  catabolism).  Other  categories  were  also  significantly  enriched,  such  as 

carbohydrate and phenylpropanoid metabolism (mainly lignin biosynthesis), cell growth 

and death (5 out of  8 genes putatively involved in cell  death),  abiotic stress response 

(mainly oxidative and drought stress responses), signalling, transport and PLATZ (plant 

AT-rich sequence-and zinc-binding protein 1) family of transcription factors. On the other 

hand, down-regulated transcripts were highly enriched in those encoding gene products 

characteristic of actively proliferating cells (chromatin assembly, regulation of cell cycle, 

microtubule-driven  movement,  DNA  metabolism  and  the  GRF  (GROWTH-

REGULATING FACTOR family of transcription factors). Other categories significantly 

enriched were also  related to cell  proliferation  such as auxin  metabolism,  GIF (GRF-

INTERACTING  FACTOR)  and  MYB  families  of  transcription  factors.  Finally, 

enrichment of abiotic stress response functional category in both up and down-regulated 

transcript groups were mainly due to oxidative stress in the first group and drought stress 

in the second one.

4.2.1.2. Inflorescence development 
The same approach was applied to the analysis of gene expression changes during 

inflorescence development (Figures 17C and 19). 
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In this case, PC1 was also related to the time course of inflorescence development 

and explained more than 58% of the expression variability,  mainly distinguishing pre-

anthesis stage from earlier inflorescence stages.  As in the case of  tendrils  up-regulated 

transcripts (563, in green) were mainly enriched in those encoding gene products involved 

in  the  metabolism  of  cell  wall  (mostly  pectin  modification-related  genes,  such  as 

polygalacturonases, pectate lyases, pectinesterase and expansin genes that are required for 

cell  growth).  Other  significantly enriched categories  were also  identified during tendril 

development such as those related with carbohydrate metabolism, transport and abiotic 

stress response (related to oxidative stress responses). 

Common genes in categories enriched among up-regulated genes in both tendril and 

inflorescence development were only few ones in each category suggesting the requirements 

of specific gene functions in the differentiation processes of these two organs. In addition, 
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Figure 19: Top-scored transcripts for inflorescence data Principal Component 1. A: Expression 
profiles of the transcripts with positive or negative component score values. Each single line represents the  
average  of  mean-centered  expression  values  for  an  individual  transcript.  B:  Functional  categories  over-
represented in each cluster. Color code is the same as in A. Absolute values of the log 10 transformed P-values 
were used for the bar diagram representing statistical signification, only categories with P-values < 0.05 were 
shown



other significantly enriched categories were characteristic of inflorescences such as hormone 

signaling  and  MADS-box (MADS-box genes  VvBS1 and  2,  VvAG1,  VvAGL15.1  and 

VvAGL66.1 and  LIM transcription factors.  Similarly to tendrils,  the most significantly 

enriched categories among the down-regulated transcripts (505 genes, in blue) were those 

characteristic of actively proliferating cells (chromatin assembly, regulation of cell cycle, 

microtubule-driven movement, cell division and GRF transcription factors). The number of 

shared genes between tendril and inflorescences in these categories being high: 16 out of 19 

in  chromatin  assembly,  13  out  of  22  in  the  regulation  of  cell  cycle,  6  out  of  15  in 

microtubule movement and 5 out of 5 in the GRF category. Other significantly enriched 

categories along both tendril and inflorescence development were those related with DNA 

metabolism and  MYB transcription factors and also shared a high number of common 

transcripts in both organs. Finally, categories corresponding to the  bHLH transcription 

factors and auxin signaling seem to be specific of inflorescences. 

4.2.2. Differentially expressed genes along inflorescence development 
The transcriptional complexity associated to inflorescence and flower development 

was  further  analyzed  by  differential  expression  analysis  (ANOVA)  and  hierarchical 

clustering  of  expression  values  of  the  significant  transcripts  from  stages  B  to  I  of 

inflorescence  development.  Cluster  analyses  identified  six  major  clusters  grouping  up 

regulated and down regulated transcripts (Figure 20). 

102



Cluster 1 grouped transcripts with the highest expression in B inflorescences and 

progressively decaying along development. These transcripts were significatively enriched 

in  categories  related  to  active  cell  proliferation  (regulation  of  cell  cycle,  chromatin 
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Figure  20: Hierarchical clustering of the significant genes (P-value < 0.01) from differential 
expression analysis along inflorescence development (ANOVA). Functional categories enriched in 
each cluster (P-value < 0.05) are shown at the bottom. White lines represent the average expression pattern 
of the cluster.



assembly, cell wall organization and biogenesis, auxin-mediated signalling and transcription 

factors belonging to bHLH and GRF families). 

Cluster 2 contained transcripts with their highest expression in D inflorescences and 

abruptly  decaying  after  this  stage.  This  cluster  was  enriched  in  transcripts  encoding 

products involved in nucleic acid metabolism, chromosome organization and biogenesis and 

translation  that  are  very  active  during  the  first  steps  of  inflorescence  and  flower 

development. Most of them, together with those grouped in cluster 1, belonged to the same 

functional categories that were enriched among down-regulated transcripts contributing to 

inflorescence PC1 (Figure 19).

The third cluster was enriched in transcripts corresponding to the photosynthesis 

category, which were up-regulated from B to G inflorescences and further decayed at stage 

I. This expression pattern reflects the transition from closed buds with no photosynthetic 

tissues  (B  stage)  to  open  buds  with  emerging  inflorescences  (D  stage)  or  young 

inflorescences (G stage). The drastic decay between G and I stages could result from the 

differences in samples tissue. I samples consisted of separated flowers and excluded the 

inflorescence rachis, probably with higher photosynthetic activity than the flowers. Other 

stem specific transcripts could likely be included in this cluster. 

Cluster 4 grouped transcripts which expression increased significantly from B to G 

stages and were maintained in I stage. This cluster was enriched in transcripts encoding 

products  related  to  abiotic  stress  response  and  MADS-box  transcription  factors 

(corresponding to the AP3, PI and AG subfamilies) also contributing to PC1. 

Cluster 5 included transcripts with a very similar profile to those up-regulated in 

inflorescence  PC1,  although  this  analysis  allowed  identifying  additional  significantly 

enriched categories such as ion, oligopeptide and multidrug ABC transport, fatty acid and 

lipid metabolism, jasmonate signalling and oxylipin biosynthesis, alcohol dehydrogenase 
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superfamily,  invertase  pectin-methylesterase  inhibitor  family  and  bZIP  family  of 

transcription factors. 

Finally, cluster 6 grouped transcripts with their maximal expression in B buds and I 

inflorescences but no significant functional categories were enriched over threshold. 

4.2.3. Transcriptomic differences between tendril and inflorescence 
To identify  transcriptional  differences associated with specific  organ development, 

differential expression between the earliest stages of tendril (T1 plus T3) and inflorescence 

(B plus D) development was analyzed. A T-test with a P-value threshold below 0.001 and 

a  2-fold  expression  cut-off  identified  504  genes  differentially  expressed  in  early 

developmental  stages  of  these  two  organs.  Figure  21  summarizes  the  results  of  the 

functional  category  enrichment  analysis  from  the  differentially  expressed  transcripts 

between inflorescences and tendrils. 
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These  results  showed  that  the  major  biological  processes  differentially  active  in 

tendrils  versus  inflorescences  are  photosynthesis,  secondary  metabolism  (aromatic 

aminoacid metabolism, terpenoid biosynthesis, carotenoid and flavonoid biosynthesis) and 

hormone signalling (mainly auxin related signaling). 

This analysis also identified that the major biological processes differentially active in 

inflorescences versus tendrils corresponded to the transcription factor functional category 

as a whole suggesting a more complex regulatory circuitry in the inflorescence than in the 

tendril.  Transcription factor category included  VFL and  VRN1-4 transcripts as well as 

members of the MADS-box, ABI3VP1, AP2-L, AS2, bHLH, DOF, YABBY, Homeobox, 

MYB,  NAC,  WRKY,  G2-like  and  Zinc-Finger  homeodomain-containing  families. 

Transcripts belonging to the MADS-box family were those corresponding to B-function 

(VvAP3.1 VvAP3.2 and VvPI) and E-function (VvSEP1, 2, 3 and 4). Other significantly 

106

Figure  21:  Functional  categories  over-represented  in  the  tendril  versus  inflorescence 
comparison. Bar chart summarizes the significantly enriched functional categories between inflorescences 
and tendrils. Absolute values of the log10 transformed adjusted  P-values (of the enrichment analysis) were 
used for plotting, only categories with adjusted P-values lower than threshold (0.05) were shown.



enriched  categories  were  fatty  acid  biosynthesis  as  well  as  the  copine  family.  Copine 

proteins in Arabidopsis seem to be involved in promoting growth and development and in 

repression of cell death (Yang et al., 2006).

4.2.4. Expression profiles of key regulators of reproductive development 
Functional category enrichment provides a general view of the most active biological 

functions in a given developmental process. However, to identify putative genes involved in 

specific developmental processes, it is relevant to follow gene specific expression. This is 

particularly important for genes encoding transcriptional regulatory proteins. Therefore, 

we examined in detail the expression profiles of reproductive development regulatory genes 

such as VFL, the MIKC-type MADS-box genes, as well as the SPL and the FT-TFL1 gene 

families.  Hierarchical  clustering  based  on  expression  values  of  these  transcripts  along 

tendril and inflorescence development are represented in Figure 22. In agreement with the 

major transcriptional profiles described in previous sections, expression analysis of these 

transcripts identified four distinct clusters. 
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The first cluster grouped transcripts expressed along inflorescences but not in tendril 

development. It included transcripts likely associated with the events of flower meristem 

initiation and flower organs differentiation such as  VFL, the  LEAFY grapevine homolog 

that is a clear representative of this cluster. Other transcripts in the cluster corresponded 

to B, C, D and E function MADS-box genes involved in the specification of flower organs 

identity as well as  VvFLC1,  VvFLC2 and  VvAGL15.1. In addition, two  SPL-like genes 

were  also  included  in  this  cluster,  VvSPL5.1 and  VvSPL8-L given  their  preferential 

expression in inflorescences versus tendrils.
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Figure  22:  Hierarchical  clustering  of  expression  profiles  of  key  regulators  of  reproductive 
development along inflorescence and tendril development. MADS-box gene family (blue boxes), SPL 
gene family (green boxes),  FT/TFL1 gene family (yellow boxes) and VFL gene (red box). Color scale (on 
top), represent mean-centered expression values.



The second cluster contained transcripts with highest expression level in the first 

stages of both inflorescence and tendril development (B and D stage inflorescences and T1 

tendrils). These transcripts belonged to the MADS-box and the SPL gene families. Three 

MADS-box genes belonging to the  SVP subfamily were present in this cluster,  VvSVP1 

and  5 were expressed in B and D inflorescences and in T1 tendrils while  VvSVP3 was 

detected at lower level in both organs. VvFUL that belong to the AP1/FUL subfamily of 

MADS-box genes was also preferentially expressed in B and D stages and in T1 as well as 

VvSOC1.2 the putative Arabidopsis AGL42 homolog. SPL-L genes in this cluster were the 

miR156/7-targeted SPL members VvSPL5-L2, VvSPL6-L, VvSPL9-L and the not-targeted 

VvSPL13-L1 and 2. 

The third cluster  grouped transcripts mainly expressed in  tendrils.  Among them, 

there  were  three  members  of  the  MADS-box gene  family  (VvSOC1.1,  VvAGL6.2 and 

VvFUL-L); three  SPL genes,  (VvSPL2-L1 and  VvSPL2-L2 and  VvSPL4-L)  and three 

members of the FT/TFL1 family (VvMFT-1, VvMFT-2 and VvTFLC1). 

The fourth cluster grouped transcripts with an opposite expression to those of cluster 

2, with preferential expression at advanced stages of inflorescences and tendril development 

(I and T3-T5, respectively). The cluster included two different expression groups. The first 

group contained three SPL related transcripts (VvSPL12–L, VvSPL14-L and VvSPL7-L) 

mainly expressed in B and I inflorescence stages as well as T3 and T5 tendrils and the 

VvFT gene, that followed an expression pattern more intense in G stage inflorescences and 

in T5 tendril. The second group included transcripts for VvBS1 and VvBS2 and VvSPL1-L 

which  were  restricted  to  inflorescence  stage I,  as  well  as  VvSPL3-L that  also  showed 

expression in tendril.
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4.3. GENOMIC ANALYSIS OF MADS-BOX GENE 
FAMILY IN GRAPEVINE 

Given  the  relevance  of  the  MADS-box  MIKC  genes  in  the  regulation  of  plant 

reproductive development and their particular involvement in the transcriptional analyses 

performed, we used the available grapevine genome sequence to performed a thorough 

unbiased identification and analysis of grapevine MIKC genes. In addition, we analyzed 

their expression profiles in selected organs along plant development, during the process of 

flowering transition and also along tendril and inflorescence development using a qRT-

PCR  approach.  Since  2007  there  has  been  two  major  releases  of  grapevine  genome 

sequence assembly and annotation: 8X and 12X (the “X” is relative to the depth of the 

sequencing in terms of genome-equivalents) The main part of this work was made using 8X 

release and when 12X assembly and annotation was accessible we used it to adjust the 

final results. 

4.3.1. Identification and Annotation of Grapevine MIKC Genes 
A total of 33 MIKC genes were identified in the grapevine genome and are listed in Table 

I. Four additional sequences containing MADS domains characteristic of MIKC genes and 

mapping to defined chromosomal positions were also identified. This suggests that the 

total number of MIKC genes could rise up to 37. One of those sequences would belong to 

the AGL17 and three to the SVP subfamilies based on the available sequence information. 

We named the grapevine MIKC genes on the basis of their assignment to the previously 

established MIKC subfamilies by Becker and Theissen in 2003, followed by a number when 

several members were identified for a given subfamily. Most of the sequences found by 

BLAST searches against 8X assembly nucleotide database were already annotated and are 

listed in Table II with the corresponding 12X locus tag upon review. 
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Although the integrated method used to annotate the genes was very exhaustive 

(GAZE)  (Howe  et  al.,  2002;  Jaillon  et  al.,  2007),  some  gene  annotations  were  found 

incorrect regarding the available V. vinifera ESTs as well as information from other plant 

species. In these cases, the proposed gene structure was deduced by comparison between 

the genomic and EST sequences and further alignment with Arabidopsis and poplar MIKC 

proteins. This permitted to identify possible mistakes based on the expected location of 

exon-intron junctions in the corresponding subfamily. In the first  approach there were 

some MIKC genes found in the genomic sequence but absent in 8X annotation and which 
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Table II: Grapevine MIKC genes. For every gene, locus tag (in 12XV1, V0 and also in 8X if identical) 
protein length and chromosomal location are listed. Annotation in red means that location was obtained 
from IASMA project. 

12Xv0 ID

VIT_00s0313g00070 VvSVP1 227 GSVIVT01005934001 GSVIVP00004864001 chr07_18108834_18208268

VIT_01s0010g03890 VvFLC1 210 GSVIVT01010513001 chr01_21240731_21261421

VIT_01s0010g03900 VvSEP3 242 GSVIVT01010521001 GSVIVP00002777001 chr01_21368964_21386383

VIT_01s0011g00100 VvAP1 241 GSVIVT01012250001 GSVIVP00030005001 chr01_00150391_00175330

VIT_01s0011g00110 VvSEP4 243 GSVIVT01012249001 GSVIVP00030008001 chr01_00194107_00206427

VIT_01s0011g01560 VvBS2 283 GSVIVT01012110001 GSVIVP00030142001 chr01_01353271_01355959

VIT_02s0025g04650 VvSOC1.3 214 GSVIVT01019883001 GSVIVP00001070001 chr02_04197382_04208969

VIT_03s0017g00360 VvSVP4 259 GSVIVT01015641001 GSVIVP00007548001 chr03_14682468_14683284

VIT_03s0097g00160 VvAGL17.2 233 GSVIVT01038474001 GSVIVP00008566001 chr03_09989553_09991214

VIT_03s0167g00070 VvSVP5 218 GSVIVT01001701001 GSVIVP00009443001 chr03_12256603_12270440

VIT_04s0023g02820 VvAP3.2 225 GSVIVT01018839001 GSVIVP00036846001 chr04_19395299_19397804

VIT_08s0007g08790 VvAGL15.2 258 GSVIVT01033253001 GSVIVP00025618001 chr08_22162819_22165007

VIT_10s0003g02070 VvAG2 226 GSVIVT01021303001 TC62522 DT011330 chr10_03730392_03738386

VIT_10s0042g00820 VvBS1 240 GSVIVT01026207001 GSVIVP00031869001 chr10_14127878_14133902

VIT_12s0142g00360 VvAG1 225 GSVIVT01000802001 GSVIVP00018932001 GSVIVP00018930001 chr12_00279426_00291956

VIT_13s0158g00100 VvAGL15.1 233 GSVIVT01001437001 chr13_20980110_20988779

VIT_14s0068g01800 VvFLC2 205 GSVIVT01033067001 GSVIVP00037877001 chr14_25509913_25511279

VIT_14s0083g01030 247 GSVIVT01036549001 GSVIVP00038079001 chr14_23320331_23341036

VIT_14s0083g01050 VvSEP1 244 GSVIVT01036551001 GSVIVP00038077001 chr14_23363261_23379498

VIT_15s0048g01250 VvSOC1.1 218 GSVIVT01027579001 GSVIVP00026312001 chr15_15396917_15399138

VIT_15s0048g01270 VvAGL6.1 244 GSVIVT01027577001 GSVIVP00026310001 chr15_15406740_15424210

VIT_15s0107g00120 VvSVP3 181 GSVIVT01011300001 GSVIVP00002394001 chr15_08056001_08088281

VIT_16s0022g02330 VvAGL6.2 249 GSVIVT01018450001 GSVIVP00010601001 GSVIVP00010602001 chr16_14940190_14955349

VIT_16s0022g02380 VvSOC1.2 210 GSVIVT01018446001 GSVIVP00010608001 GSVIVP00010607001 chr16_14995616_15008617

VIT_17s0000g01230 VvTM8 210 GSVIVT01008560001 GSVIVP00017956001 chr17_00878171_00881093

VIT_17s0000g04990 243 GSVIVT01008140001 GSVIVP00000011001 chr17_05434018_05452725

VIT_17s0000g05000 VVSEP2 246 GSVIVT01008139001 GSVIVP00000012001 chr17_05457734_05464468

VIT_18s0001g01760 212 GSVIVT01008806001 GSVIVP00015451001 GSVIVP00015452001 chr18_02291789_02294046

VIT_18s0001g07460 VvSVP2 222 GSVIVT01009171001 GSVIVP00015108001 chr18_05693334_05711315

VIT_18s0001g07900 VvAGL17.1 235 GSVIVT01009219001 GSVIVP00015065001 chr18_06351250_06376057

VIT_18s0001g13460 VvAP3.1 226 GSVIVT01009815001 GSVIVP00014506001 CF372501 chr18_11506606_11512370

VIT_18s0041g01880 VvAG3 223 GSVIVT01025945001 GSVIVP00021934001 chr18_26888672_26896521

VIT_18s0041g02140 VvAGL12 198 GSVIVT01025916001 GSVIVP00021903001 chr18_27268849_27284583

Locus tag Gene Name
Deduced 
protein 
lenght

Identical genes in 8X or other EST Chromosome position 12X

VvFUL-L

VvFUL

VvPI



structure was deduced by  ab-initio prediction with  FGENESH (based on genomic DNA 

evidences)  and  alignment  with  known  MIKC  proteins  (the  case  of  VvAGL15.1),  or 

extracted from ESTs databases (VvAG2). In the case of  VvSVP5 (that was in the 8X 

annotation), a correction for gene structure was provided by Lucie Fernandez (Fernandez, 

unpublished  data).  The  deduced  protein  sequences  for  all  grapevine  MIKC genes  are 

included in the Additional file 10. All identified MIKC genes encode proteins ranging from 

198 to 280 amino acids long which posses the modular structure and the conserved motifs 

of  MIKC  proteins.  Only  one  gene  (VvSVP3)  presented  a  stop  codon  in  a  position 

corresponding to amino acid 181 within the K domain (Table II). This stop codon was 

detected in all the VvSVP3 ESTs present in databases. 

Exon-intron organization was annotated for all the identified genes (Table III) based 

on comparison with the corresponding ESTs and Arabidopsis genes  (Parenicová  et al., 

2003).
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Genes  belonging  to  subfamilies  SEP,  AGL6 and  AP1/FUL as  well  as  VvTM8, 

VvAGL15.2, VvSVP4 and VvSVP5 all have eight exons with similar lengths and positions 

as in Arabidopsis. The fusion between exon 4 and 5 observed in Arabidopsis  SEP1 and 

SEP2 was not found in grapevine indicating that it took place later in the lineage giving 

rise to Arabidopsis. The remaining genes have seven exons with the exception of the two 

members  of  the  BS subfamily  which  lack  the  third  intron  as  their  Arabidopsis 

counterparts. In grapevine, neither the the fusion in the PI gene of exons 1 and 2 nor the 
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Table III: Gene structure of grapevine MIKCc-type MADS-box genes. Detailed genomic structure 
includes the size in bp of every exon and intron of MIKC genes in the 8X assembly. 

a, Manual annotation. b, Unknown intron lenght. c, Stop codon at nucleotide 541.

Exon1 Intron1 Exon2 Intron2 Exon3 Intron3 Exon4 Intron4 Exon5 Intron5 Exon6 Intron6 Exon7 Intron7 Exon8

VvSEP1 185 12989 79 474 62 306 100 1629 42 174 42 444 137 83 85

VvSEP2 185 3595 82 550 62 292 100 1304 42 158 42 487 137 108 91

VvSEP3 185 4240 79 9840 68 114 100 1909 42 84 42 85 137 73 76

VvSEP4 185 6333 79 348 62 287 100 4304 42 162 42 566 137 127 85

VvAGL6.1 182 12227 76 975 62 396 100 609 42 219 42 282 143 222 88

185 79 1211 56 84 100 16402 42 2212 42 180 129

185 23892 82 363 56 98 100 140 42 418 42 80 111

VvAP1 185 19490 79 326 65 299 100 234 42 3946 42 304 113 402 100

185 15758 79 290 65 256 100 235 42 397 42 288 113 203 106

185 17716 79 668 65 588 100 221 42 913 42 300 128 319 103

VvAGL12 182 519 82 13280 62 930 100 234 42 869 42 90 87

VvSOC1.1 182 20777 85 489 62 97 100 85 42 243 42 472 144

182 34231 82 1138 62 93 100 235 42 92 42 512 123

VvSOC1.3 182 8388 82 969 65 97 100 93 42 95 42 628 132

182 126 82 697 65 98 100 224 42 409 42 101 68 149 100

182 4785 82 3531 62 90 100 103 42 622 42 113 168

182 2637 82 625 62 77 100 118 42 3229 42 89 171

VvAG3 182 4126 82 266 62 206 100 307 42 94 42 203 222

182 13952 79 4907 62 4814 100 94 42 81 84 135 159

182 16266 79 20477 62 3167 100 109 42 84 84 128 153

182 2449 73 1397 59 102 100 86 42 2378 170 1365 76

VvAGL15.2 182 546 73 81 95 127 100 86 42 776 42 103 158 148 88

VvSVP1 182 4338 79 281 65 245 100 232 42 194 42 78 159

VvSVP2 182 13871 79 374 62 83 100 87 42 738 42 84 162

182 24551 79 934 62 139 100 73 42 4202 42 90 36

VvSVP4 182 22656 79 1076 62 303 100 217 42 4394 84 263 128 145

VvSVP5 182 79 937 62 139 100 75 39 4217 39 92 133 839 19

VvBS1 188 3953 67 92 165 482 42 81 42 178 199 20

VvBS2 188 880 67 109 165 205 42 121 42 135 348

VvAP3.1 188 384 67 107 62 86 100 4059 42 105 45 106 177

VvAP3.2 188 103 67 84 62 97 100 635 42 112 45 316 174

188 127 67 559 62 67 100 98 30 242 45 271 147

Gene

VvFLC1 a b  
VvFLC2 a  

VvFUL

VvFUL-L

 
 

VvSOC1.2 a  
 

VvTM8 a

VvAG1 a  
VvAG2 a  

 
VvAGL17.1a  
VvAGL17.2a  
VvAGL15.1 a  

 
 

VvSVP3 c  
b

b

 b

  
 
 

VvPI a   



SVP exon 5 duplication characteristic of Arabidopsis genes were found. In general, the 

length  of  exons  1,  3,  4,  5  and 6 is  conserved with  respect  to  Arabidopsis,  being  the 

remaining exons more variable in length, mainly those in the 3´end of the genes. In terms 

of MIKC gene identification and annotation, the release of 12X version of the grapevine 

genome corrected some wrong annotations, added those previously identified by us but not 

annotated (VvAGL15.1, VvAG2) and allowed to find and annotate a new member of the 

AGL6 clade: VvAGL6.2 (Table II). 

Introns in grapevine MIKC genes were larger than in Arabidopsis. In fact, 18 percent 

of introns analyzed were larger than 3000 bp, being the first one the largest (with an 

average length greater than 9800 bp). The first intron in grapevine MIKC genes was larger 

than 3000 bp in 70% of cases, making difficult in some cases the automatic annotation. 

(Table III). 

4.3.2. Phylogenetic Analysis of MIKC Proteins
To  examine  the  phylogenetic  relationships  among  grapevine  MIKC proteins  and 

group them within the established subfamilies, we constructed a phylogenetic tree from 

alignments of full-length grapevine, Arabidopsis and poplar protein sequences (Figure 23).
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 The phylogenetic tree revealed 10 major clades grouping 13 subfamilies. One clade 

grouped the three close subfamilies AP1/FUL, SEP and AGL6 while another included the 

AGL15 and  AGL17 subfamilies.  All  grapevine  MIKC genes  were  grouped  with  their 
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Figure 23: Phylogenetic tree of the MIKC gene family in grapevine, Arabidopsis and poplar. 
The tree was generated after sequence alignment with Multalin using the neighbor-joining method. Branches 
with less than 50% bootstrapping support were condensed. MIKC proteins grouped into 13 subfamilies. 
MIKC*-type MADS box proteins were used as an outgroup.VvAGL6 correspond toVvAGL6.1.



Arabidopsis and poplar counterparts, with high bootstrap support. The only exception was 

the TM8 subfamily for which no representative has been found in Arabidopsis (Additional 

file 11). Remarkably, in most cases two poplar genes were found for every homolog in 

grapevine or Arabidopsis. Although the number of genes grouped in each subfamily was 

generally similar between grapevine and Arabidopsis, some interesting exceptions could be 

observed. Grapevine genes outnumber Arabidopsis ones within the  SVP subfamily with 

grapevine  having  at  least  five  genes  where  Arabidopsis  has  only  two.  Alternatively, 

Arabidopsis  triplicates  the number of  genes in the  FLC subfamily (6) with respect to 

grapevine (2).

4.3.3. Chromosomal Location of MIKC Genes 
MIKC  genes  were  found  to  be  distributed  on  at  least  13  of  the  19  grapevine 

chromosomes in the 8X assembly (Figure 24). Recent analyses on the 12X assembly has 

permitted to map VvSVP3 to chr15, VvAGL6.2 to chr16 and VvSVP4, 5 and VvAGL17.2 

to chr3 (Table II). Additionally genes located in random chromosomes in the 8X assembly 

(Figure 24, genesVvSEP3, VvSOC1.2 and  VvFLC1) has been also mapped in the 12X 

assembly.

Substantial clustering of these genes was evident on several chromosomes (Figure 24 

and Table II). 
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Figure  24: Chromosomal locations of grapevine MIKC genes. Only those chromosomes bearing 
MIKC genes in 8X assembly (13) are represented. Paralogous regions in the putative ancestral constituents 
of the grapevine genome are depicted in the same color following Jaillon et al., (2007). Black chromosomal 
regions correspond to random chromosome sequences  that  are  assigned to chromosomes but without  a 
specific physical position in 8X assembly. The chromosomal locations of genes  VvSVP1 and  VvBS1 were 
derived from IASMA project and appear in red at the bottoms of the assigned chromosomes. Molecular 
markers to help position the genes are listed in gray.VvAGL6 correspond toVvAGL6.1.



The  highest  number  of  genes  are  located  on  chromosome  18  (six  genes)  and 

chromosome 1 (five genes). Three genes are located on chromosomes 3, 14, 15 and 17, two 

on chromosome 10 and 16 and one on chromosomes 2, 4, 7, 8, 12 and 13. Interestingly, 

different members of many MIKC gene subfamilies are located in chromosomal regions 

that might represent paralogous segments resulting from ancestral polyploidization events 

(Jaillon et al., 2007; Velasco et al., 2007). This was observed for the AP1/FUL, SEP and 

FLC gene subfamilies for which different members are located in chromosomes 1, 14 and 

17; the SOC1 subfamily with different gene members on chromosomes 2, 15 and 16; the 

AGL15 subfamily with members in chromosomes 8 and 13; the  AP3/PI subfamily with 

members in chromosomes 4 and 18; the SVP subfamily in chromosomes 3, 7, 15 and 18 

and the  AG subfamily with two members in  chromosomes  10 and 12 (the  third one, 

VvAG3, is located on chromosome 18). 

 

4.3.4. Expression Analyses of MIKC Genes 
MIKC genes have mainly been involved in the regulation of flowering time and the 

specification of reproductive organ identity. In order to further associate their biological 

function in grapevine to specific developmental processes we analyzed their expression in 

eight  representative  vegetative  and  reproductive  organs  of  the  plant  using  qRT-PCR 

(Figure 25). 
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Figure 25: Expression profiles of grapevine MIKC genes in vegetative and reproductive organs. 
Expression  analyses  were  performed  by  qRT-PCR  and  relative  gene  expression  data  were  gene-wise 
normalized. A: Expression pattern related to phylogenetic relationships. Bootstrap support values are shown 
when over  50.  The corresponding subfamilies of  each group of  genes are  indicated at right.  B:  Cluster 
analysis of gene expression patterns. Color scales, representing signal values, are shown at bottom. VvAGL6 
correspond to VvAGL6.1.



Figure  25A  displays  the  expression  pattern  of  these  genes  as  related  to  their 

phylogenetic  relationships.  As a general  rule,  gene  expression patterns were frequently 

conserved within subfamilies, although expression level of specific members could change in 

different organs. In this way, quantitative differences could be observed among members of 

the SEP or the AG subfamilies in flowers and fruits. Similarly, within the AP3/PI clade, 

VvAP3.2,  the closest homolog to tomato  TM6,  showed some expression in fruits while 

VvAP3.1 and VvPI expression were more restricted to flowers. More important changes in 

gene expression within subfamily gene members could be observed in the SVP subfamily 

where  VvSVP2 and  VvSVP5 were differentially expressed from the other three  VvSVP 

genes  in  shoots  and  leaves,  or  within  the  AP1/FUL  subfamiliy  where  the  different 

members showed a differential expression in tendril. A cluster analysis of gene expression 

patterns  allowed  the  identification  of  the  major  developmental  processes  in  which 

grapevine MIKC genes could be involved (Figure 25B). 

Three major clusters of expression patterns were distinguished which corresponded to 

genes preferentially expressed in vegetative organs, flowers and flowers/fruits. The first 

expression  cluster  included  two  expression  groups,  corresponding  to  buds  and 

buds/vegetative organs. The first expression group included six genes expressed in buds. 

Three are members of the  SVP subfamily (VvSVP1,  VvSVP3 and  VvSVP4), two others 

form the FLC subfamily (VvFLC1 and VvFLC2) and the sixth gene, VvFUL, belongs to 

AP1/FUL subfamily. These genes were preferentially expressed in buds although they were 

also detected in vegetative organs and some of them in reproductive organs. The second 

expression group (five genes) included all three genes belonging to the SOC1 subfamily and 

two SVP genes (VvSVP2 and VvSVP5). They are mainly expressed in buds and vegetative 

organs such as leaves and shoots. 

The second expression cluster included three major expression groups. The first group 

contained two genes expressed in roots,  VvAGL12 and  VvAGL17.2 and also detected in 

120



fruits. VvAGL17.2 was also detected in buds. The second group contained two genes of the 

AP1/FUL1 subfamily, VvAP1 and VvFUL-L, with a characteristic tendril expression. The 

third group contained eight genes expressed in flower development and which Arabidopsis 

homologs have been involved in the specification of flower organ identity. They belonged 

to MIKC subfamilies SEP (VvSEP1, VvSEP2 and VvSEP4), AGL6 (VvAGL6.1), AP3/PI 

(VvAP3.1, VvAP3.2 and VvPI) and TM8 (VvTM8). Some of them were also detected, at 

lower level, during fruit development (VvSEP1, VvSEP4, VvAP3.2 and VvAGL6). 

The third expression cluster included genes preferentially expressed in flowers and 

fruits  and grouped in three  major  expression groups.  The first  one  contained a  gene, 

VvAGL17.1, expressed along fruit development and also detected in roots. The second one 

comprised two genes,  VvAGL15.2 and  VvBS1, both expressed in flowers and fruits and 

also  detected  in  buds.  The  third  one  contained  six  genes  belonging  to  four  different 

subfamilies which were mainly detected in flowers and along fruit development. Among 

them, VvSEP3, VvAG3, VvAGL15.1 seemed to increase their expression level from flowers 

to mature fruits, while VvAG1, VvAG2 and VvBS2 followed a reverse kinetics.

To further characterize those genes involved in tendril versus flower development, we 

analyzed  the  expression  of  MIKC  genes  along  tendril  (tendrils  1  and  5)  and  flower 

development (from stage B2 buds, bearing only inflorescence meristems to complete organ 

formation in preanthesis flowers). Using a similar approach of qRT-PCR and gene-wise 

expression  normalization,  a  cluster  analysis  of  gene  expression  (Figure  26)  allowed  to 

identifying two major clusters of expression patterns. 
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Figure  26:  Expression  profiles  of  grapevine  MIKC genes  during  inflorescence  and  tendril 
development. Expression analyses were performed by qRT-PCR and relative gene expression data were 
gene-wise normalized. Expression of  VvSVP4 was not detected at any developmental stage.  Color scale, 
representing signal values, is shown at bottom. On top, pictures from the different developmental stages are 
shown. Developmental stages correspond to buds from advanced stage B (B2), inflorescences of stage D (D,  
arrow) and flowers from inflorescences at stage G (G) and early stage H (H1). Tendril 1 (T1, arrow) and 
tendril 5 (T5, arrow) correspond to the most recently formed tendril by the shoot apex and that in the fifth 
position from the apex, respectively. VvAGL6 correspond to VvAGL6.1.



The first cluster corresponded to genes expressed in first season latent buds (Figure 

25). They could still be detected in stage B2 of the second season but their expression was 

decreasing along flower meristem initiation (stage D, Figure 26) and flower development 

(stage G to flowers, Figure 26). These genes were expressed in tendril 1 (T1) at low level, 

with the exception of VvSOC1.3 that is not expressed in this organ and VvSOC1.1, which 

expression increased in developed tendril 5 (T5). 

The second expression cluster included three major expression groups. The first group 

(VvAP1, VvFUL-L and VvFUL) corresponded to genes expressed in tendrils and during 

flower meristem formation and flower development, in agreement with their previously 

described expression  patterns  (Calonje  et  al.,  2004).  The second group included genes 

expressed during the differentiation of the outer flower whorls. Among them, VvAGL17.2 

was also expressed in developed tendril 5. It is noteworthy the expression of VvFLC1 and 

VvFLC2 in these developmental stages. Although  FLC expression has been detected in 

developing anthers in Arabidopsis and further in zygote and though embryo development, 

this expression is related with the resetting process of FLC activity in the next generation 

to exert it repressive role on flowering (Sheldon et al., 2008). The third expression group 

contained genes mostly expressed at later stages of flower development, likely related to 

reproductive organs and ovule development.  VvTM8 was also expressed at high level in 

developed tendril 5.

To identify those MIKC genes which function could be associated to the regulation 

of flowering transition we further analyzed the expression of genes detected in latent buds 

as well as a few related ones (Figure 27).
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Using qRT-PCR and gene-wise expression normalization it was possible to identify 

four gene expression groups related with the chronological stages of bud development, that 

identified early, intermediate, late and very late expressed genes. 

The early expressed group included three genes,  VvFUL, VvSOC1.1  and VvFLC1. 

Their expression was already detected in May buds when inflorescence meristems are not 

yet initiated and showed a peak in June or July (VvFUL), when inflorescence meristems 
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Figure 27: Expression profiles of representative MIKC genes in latent buds during flowering 
transition. Expression analyses were performed using qRT-PCR and relative gene expression data were 
gene-wise normalized. Color scale, representing signal values, is shown at bottom. At top, the developmental 
stages  of  the  shoot  apex  and  derived  structures  within  each  bud  are  illustrated  by  scanning  electron 
microscopy micrographs. Developmental stages correspond to buds from May to August in the first season as 
well  as  advanced  stage  B  (B2)  during  the  second  season.  In  August,  the  two-branched  inflorescence 
meristems are shown. In stage B2, only a detail of an inflorescence branch meristem, subtended by a bract in 
which  the  four  flower  meristems  (asterisks)  start  to  be outlined,  is  shown.  br,  Bract  subtending  each 
inflorescence branch meristem; ib, inflorescence branch meristem; im, inflorescence meristem; lf, leaf; lp, leaf 
primordium; sam, shoot apical meristem. 



are actively proliferating. 

The intermediate expression group included six genes (VvTM8, VvSOC1.3, VvSVP1,  

VvSOC1.2, VvSVP5 and VvSVP2) whose expression could already be detected in June. 

Among them, VvSOC1.2, VvSVP5 and VvSVP2 seemed to accumulate at similar levels in 

July and August while VvTM8, VvSOC1.3 and VvSVP1 further increased their expression 

between July and August. 

The late expression group contained seven genes. Four of them (VvSVP4, VvSVP3,  

VvBS2 and VvAGL17.2) were first detected in July with their highest levels and were still 

expressed in  August.  VvFLC2 showed a similar  pattern of  expression but it  was also 

detected in June. The last two genes (VvBS1 and VvAGL15.2) differed from the rest in 

showing a relevant expression in August. 

Finally, two genes  VvFUL-L  and  VvAP1 showed a very late expression since they 

started to be detected in July and were expressed in the stage B2, in the case of VvFUL-L 

with the highest intensity.
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4.4. GENE SILENCING OF CANDIDATE GENES

In  order  to  investigate  the  biological  function  of  selected  candidate  genes,  we 

performed experiments to silence them in transgenic plants. RNAi constructs were made 

for  genes  VvAP1 (VIT_01s0011g00100)  and  VvTFL1A (VIT_06s0080g00290).  Each 

construct contained a specific portion (Gene Specific Tag or GST) of 180bp (VvAP1) and 

189bp (VvTFL1A)  respectively  of  the  3'UTR region  of  these  genes.  For  the  silencing 

constructs, pHELLSGATE12  (Helliwell and Waterhouse, 2003) was used as destination 

vector (see Additional file 3).

A  total  of  23  putative  independently  transformed  lines  were  produced  (6  for 

hpVvAP1 and 17 for hpVvTFL1A; Table IV).

Table  IV:  Summary  of  the  regenerated  transgenic  lines  obtained  in  the  transformation 
experiments.

Construct Number of lines CaMV35S positve Spectinomycin positive

hpVvAP1 6 6 0

hpVvTFL1A 17 17 1

PCR test  for  CaMV35S presence revealed that  100% of  positive  lines  have been 

obtained. Only in one line out of 23 (4.35%) transference beyond the T-DNA borders was 

detected,  revealed  by PCR amplification of  the  spectinomycin  resistance  gene,  located 

outside T-DNA. 

Silencing  level  was  evaluated  by  qRT-PCR using  specific  primers  in  greenhouse 

conditions (Figure 28), for VvTFL1A by analyzing the first internode, where the highest 

level of expression was previously detected (Carmona et al., 2007a). For VvAP1, following 

the same criteria, in young tendrils (Calonje et al., 2004).

126



For the  hpVvAP1  construction,  4 out  of  6  lines  obtained showed a reduction in 

VvAP1 levels. Lines A3-L3, A3-LX and A3-LY showed a reduction greater than 70% with 

respect to the control, whereas A3-M1 showed a 21% reduction. By contrast, lines A3-M3 

and A3-M9 showed increased levels of this transcript (around 50% higher) respect to the 

control. 

For the hpTFL1A construction only 9 of the 17 lines obtained could be sampled to 

test silencing level of the VvTFL1A gene. Seven of them showed a reduction in VvTFL1A 

expression between 90.8% (T1-M15) and 48% (T1-L08), whereas line T1-M23 showed a 

moderate  overexpression  (18.8%)  in  relation  to  the  control  and  line  T1-M24  showed 

VvTFL1A levels that are 228% higher than the control. 
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Figure 28: VvAP1 and VvTFL1A silencing levels. Bar chart summarizing the expression level of the 
target endogenous gene relative to the control. VvTFL1A was evaluated in first internode while VvAP1 was 
in young tendrils.
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Plant were followed during two years and the observations indicated that hpVvAP1 

plants with lower VvAP1 levels in the tendrils showed oversized tendrils (tendrils with a 

long hypoclade and proportionally short arms) that did not seem to be affected in terms of 

branching. Figure 29 shows a plant of line A3-L3 at two developmental stages (A and B), 

a plant of line A3-LX (C) and a control plant (D). 

On the other hand,  hpTFL1A plants like line T1-M15 (with 90.8% of  VvTFL1A 

silencing) tend to develop tiny tendrils with rudimentary branches. Figure 30 shows plants 

from lines T1-M5, T1-M15 and T1-M18 where these rudimentary tendrils can be observed. 
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Figure 29: hpVvAP1 lines. A: Plant of line A3-L3 showing its first formed tendril. B: Plant of line A3-L3 
at a later developmental stage. C: Plant of line A3-LX. D: Control plant.



Unfortunately these phenotypes, although observed several times after sucessive bud 

sprouting for each construction during two years, were not fully consistent along time for 

the same plant or in different plants of the same line, being affected by the vigor and 

health of plants. When these plants will finally flower, we expect to be able to observe any 

effect of the silencing on flower induction and inflorescence and flower development.
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Figure 30: hpVvTFL1 lines. A: Plant of line T1-M5. B: Plant of line T1-M15. C: Plant of line T1-M18. 





5. DISCUSSION 





5. DISCUSSION 

5.1. GENOMIC STRUCTURE OF THE MADS-BOX GENE 
FAMILY IN GRAPEVINE 

Given the relevance of these transcription factors in plant reproductive development 

and also the importance of this gene family in evolutionary studies we tried to characterize 

this group in the grapevine genome. The search for MIKC genes in the grapevine genome 

allowed the identification of 33 genes belonging to this family of  transcription factors, 

although four additional partial  MADS-box sequences found could represent additional 

genes.  Similar  truncated  sequences  have  also  been  found  in  Arabidopsis.  They  could 

correspond to transcribed pseudogenes or sequences playing a regulatory role, as proposed 

by Parenicova et al, 2003. Thus, the total number of MIKC genes detected in grapevine is 

similar to that observed in Arabidopsis (39) while in poplar they rise up to 55. MIKC 

genes  detected  in  grapevine  belong  to  the  13  subfamilies  so  far  identified  in  other 

angiosperms. Among them the TM8 subfamily (Pnueli et al., 2002; Becker and Theissen, 

2003; Heijmans et al., 2012) is not present in Arabidopsis. Chromosomal location of MIKC 

genes  in  the  grapevine  genome  follows  the  pattern  expected  for  the  existence  of  an 

ancestral polyploidization event in a common ancestor to these three dicot species (Jaillon 

et al., 2007; Velasco  et al., 2007). The location of genes belonging to  SEP, AP1/FUL, 

FLC, SOC1, AGL15, SVP, AP3 and AG subfamilies in paralogous chromosomal segments 

suggests that many of them originated in the same polyploidization event. This ancestral 

polyploidization event could have been the basis for the functional diversification observed 

in some subfamilies. This could be the case of  VvAP3.1 and  VvAP3.2 derived from an 

ancestral AP3 lineage which duplication gave rise to euAP3 and tomato MADS-box gene 6 

(TM6) sub-lineages (Kramer and Irish, 1999). 

The global analysis of  grapevine MIKC genes reveals a basic conservation of  the 

number of  gene subfamily  members  and exon-intron structure,  whereas an increase in 

intron size was observed in grapevine MIKC genes (See Table III). This is in agreement 



with the general expansion of intron size (5-fold compared to poplar) that was observed in 

cultivated  grapevines  (Jiang  and  Goertzen,  2011),  mainly  related  with  transposable 

element proliferation. Over this basic pattern, there is also variation in the number of gene 

members in some specific subfamilies which suggest the existence of subfunctionalization. 

Remarkably,  larger  variation  in  gene  members  are  observed  in  MIKC  subfamilies 

putatively involved in flowering transition such as the SVP or FLC than those subfamilies 

involved in specification of organ identity (e.g.  AP1/FUL, AP3/PI, AG). In Arabidopsis 

the  FLC subfamily  that  has  been  involved  in  the  negative  regulation  of  flowering 

transition,  are  composed by six  gene members,  whereas only  two genes,  VvFLC1 and 

VvFLC2,  belonging  to  this  subfamily  were  found  in  grapevine.  The  reduced sequence 

similarity among  FLC-like genes from grapevine, Arabidopsis and poplar precluded the 

identification of closer homologies (Figure 23). Higher sequence divergence among  FLC 

homologs had also been reported between poplar and Arabidopsis (Leseberg et al., 2006) as 

well as in an extensive analysis of  FLC homologs belonging to the three main eudicots 

lineages (Reeves et al., 2007). The high sequence divergence observed among members of 

this MIKC subfamily from different species suggest the existence of various amplification 

events  in  distinct  lineages  and  evolution  under  positive  selection,  as  proposed  for 

Arabidopsis FLC (Martinez-Castilla and Alvarez-Buylla, 2003). In some cases, acquisition 

of new functions in members of this family could have provoked dramatic changes in the 

life habit of the plants, for example originating polycarpic species in different botanical 

families  (Wang  et al.,  2009). In contrast to the  FLC subfamily, the  SVP subfamily is 

particularly  overrepresented  in  grapevine  with  respect  to  Arabidopsis.  This  subfamily 

could even be larger in grapevine since other two partial and related sequences have been 

detected. The phylogenetic analysis indicates that grapevine and poplar genes are more 

related  to  SVP than  to  Arabidopsis  AGL24.  Overrepresentation  of  putative  SVP 

homologous genes and the lack of putative  AGL24 homologs in the two woody species 
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analyzed  is  a  remarkable  difference  with  Arabidopsis.  Grapevine  genes  VvSVP1 and 

VvSVP2 and poplar  PMADS9,  PMADS24 and  PMADS2 are more closely related with 

Arabidopsis  SVP at  the  protein  sequence  level,  although  their  gene  structure  is  not 

completely conserved in grapevine (Table III). The SVP subfamily also appears expanded 

in other woody perennials. In peach (Prunus persica), tandem duplication events for this 

subfamily  occurred,  resulting  in  at  least  six  members  (Li  et  al.,  2009) whose deletion 

caused a complete lack of dormancy in buds (evergrowing mutant). (Additional file 12). 

Regarding the  SOC1 subfamily, another subfamily involved in flowering transition, 

the relationships among its members in the three dicot genomes compared seem to be 

closer than within FLC or SVP subfamilies. VvSOC1.1, previously reported as VvMADS8 

(Sreekantan and Thomas, 2006), is more closely related to Arabidopsis SOC1, VvSOC1.2 

to AGL42 and VvSOC1.3 to AGL14 and AGL19. No grapevine or poplar genes were found 

related to the Arabidopsis pair AGL71, AGL72. 

As stated above, genes involved in the specification of meristem or organ identity, 

like AP1/FUL, AP3/PI, AG and SEP subfamilies presented a similar number of members. 

The  AP1/FUL subfamily  in  grapevine  includes  a  third  member,  VvFUL,  which  was 

identified as the closest  FUL homolog (Additional file 13). In putative B-function genes, 

three  AP3/PI subfamily members were detected, all of them previously characterized as 

VvMADS9 (VvPI),  VvAP3 (VvAP3.1) and  VvTM6 (VvAP3.2)  (Sreekantan  et al., 2006; 

Poupin  et  al.,  2007) as  close  homologs of  Arabidopsis  PI and  AP3 and tomato  TM6 

respectively. The AGAMOUS (AG) subfamily in grapevine, contains three members, two 

of them (VvAG1 and VvAG2) related to AG and the third one (VvAG3) to STK/AGL11. 

Two of these AG-like grapevine genes were previously characterized and interestingly, no 

genes related to Arabidopsis SHP1 and SHP2 were identified in poplar or grapevine. In the 

same way, the SEP subfamily in grapevine has four members like in Arabidopsis (Figure 

23  and  Additional  file  14).  Our  results  show  that  VvSEP1  (previously  described  as 
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VvMADS2,  Boss et al, 2002) is the closest homolog to tomato  TM29 and Arabidopsis 

SEP1 and SEP2, whereas VvSEP3 (previously known as VvMADS4, Boss et al, 2002) is 

closely related to SEP3. No close homologs could be identified in Arabidopsis to VvSEP2 

and VvSEP4.  VvSEP2 seems more related to the FBP9/FBP23 subclade (Immink et al., 

2003; Vandenbussche et al., 2003; Malcomber and Kellogg, 2005) that is present in several 

species but absent in Arabidopsis. 

Apart from the discussed MIKC subfamilies, six additional ones were identified in 

grapevine for which functional information is so far more restricted in plants.  VvTM8 is 

the unique grapevine representative of the  TM8 subfamily  (Becker and Theissen, 2003), 

with two members in poplar as well as homologous genes in monocots and gymnosperms 

(Additional file 6). VvAGL6.1 and VvAGL6.2 belong to the AGL6 subfamily also with two 

members in Arabidopsis, AGL6 (Ma et al., 1991) and AGL13 (Rounsley et al., 1995) and 

three in poplar. The  B-sister (BS) subfamily  (Becker  et al., 2002) has two members in 

grapevine, VvBS1 and VvBS2. Four homologous genes have been identified in poplar and 

one closer homolog in Arabidopsis,  AGL32 (also known as  ABS or  TT16;  (Nesi  et al., 

2002).  The  AGL12 subfamily  has  a  single  member  in  grapevine  (VvAGL12)  and 

Arabidopsis  and two in poplar.  The  AGL15 subfamily has two members in  grapevine 

(VvAGL15.1 and  VvAGL15.2)  and  poplar  close  homologs  of  AGL15 and  AGL18 

respectively.  Three  members  of  the  AGL17 subfamily  have  so  far  been  identified  in 

grapevine. Two genes have been described in poplar and four in Arabidopsis  (Alvarez-

Buylla et al., 2000; Becker and Theissen, 2003). As previously shown for FLC and SVP-

like genes, there is not enough sequence homology among the three species to establish 

closer relationships.

Whether these differences relate to different evolutionary forces acting on specific 

traits remains to be analyzed through the study of MIKC gene family organization in 

additional plant genomes. 
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5.2. TRANSCRIPTIONAL ANALYSIS OF BUD 
DEVELOPMENTAL PHASES 

Transcriptional analysis along the annual cycle of bud development indicated that 

active  growth,  dormancy  and  stress  responses  are  major  contributors  to  the  gene 

expression  variability  observed along the  bud annual  cycle.  Processes  characteristic  of 

actively proliferating and growing cells are up-regulated in non-dormant buds and decline 

during  bud  dormancy  together  with  the  up-regulation  of  stress  response  pathways. 

Functions up-regulated in  non-dormant bud stages  can be clearly  associated to active 

growing and proliferating cells (i.e. cell division, cell-cycle regulation, microtubule-driven 

movement, chromatin assembly, cell growth, cell wall metabolism) and those related with 

photosynthesis and fatty acid biosynthesis among others. On the other hand, the most 

significant functions in dormant buds were stilbenoid biosynthesis, HSP-mediated protein 

folding,  temperature  stress  response,  as  well  as  CCAAT  transcription  factor  family 

(Nilsson et al, 2010). These categories could be related to the adaptation to dehydration 

and temperature changes that take place together with dormancy, as previously reported 

in poplar (Ruttink et al., 2007). Furthermore, the observed up-regulation of genes involved 

in ABA catabolism could be related to the decay of this hormone previous to dormancy 

release (Horvath, 2009). Finally, the increase in the expression of starch catabolism genes 

together with a down-regulation of genes encoding photosynthetic proteins, also observed 

in poplar  (Ruttink et al., 2007), is in agreement with the physiological state of dormant 

buds. A global transcriptome reprogramming have been also described associated to the 

changes taking place in the transition from young to mature tissues in grapevine organs 

(Fasoli et al., 2012). 

Along the bud cycle, major transcriptional changes could be identified which were 
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related  to  the  three  transitions  (para/endodormancy,  endo/ecodormancy  and 

ecodormancy/budbreak)  that  buds  undergo.  When  buds  become  endodormant 

(para/endodormancy transition) it was observed a notorious reduction in those functional 

categories  related  to  cell  proliferation  and  cell  growth  and  death.  These  results  are 

consistent with the shutdown of those processes during bud dormancy as has also been 

described in other systems  (Ruttink  et al., 2007; Horvath  et al., 2008). Photosynthesis-

related  genes  also  decreased  during  para/endodormancy  transition,  in  agreement  with 

results reported in  poplar (Ruttink  et al.,  2007).  A down-regulation of  photosynthesis-

related genes under drought stress has also been reported in soybean, suggesting that this 

down-regulation  contribute  to  growth  retardation  and  may  serve  as  an  adaptive 

mechanism  for  plant  survival  (De  Carvalho,  2008).  A  similar  mechanism  could  also 

function in bud in relation with the dessication that latent buds acquire with dormancy 

(Keller, 2010). 

Cell wall organization and biogenesis, modification of the cell wall and 1,3- -glucanβ  

catabolism are also significantly reduced. These results could be related to the required 

callose sealing of plasmodesmata to lower their size exclusion limit, a process dependent on 

1,3- -glucansynthase  and  1,3- -glucanase  activities.  Additionally,  cell  wall  compositionβ β  

must be modified to reduce water and molecules movement among cells during this stage. 

On the other hand, developmental changes involve cell differentiation, that in plant cells is 

associated with cell wall modification (Buchanan et al., 2002; van der Schoot and Rinne, 

2011). Lipid metabolism was also under-represented in this transition. This change could 

be related to the formation of lipid bodies (LBs) which store triacylglicerols and improve 

freezing tolerance previous to endodormancy, as has been reported in other systems (Van 

der Schoot and Rinne, 2011). However, as far as we know, no cytological evidence on the 

formation of LBs exists in grapevine.

Stress-related transcripts (chaperone-mediated protein folding and aquaporins) were 
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also  down-regulated  in  the  transition  to  endodormancy,  probably  due  of  the  high 

temperatures  and  water  deprivation  suffered  in  July.  In  poplar,  genes  responsible  for 

adaptation to dehydration and low temperatures  have been shown to be expressed in 

response to SD even in the absence of those stresses (Ruttink et al., 2007). In leafy spurge, 

genes responsive to cold stress were also up-regulated in fall and winter  (Horvath et al., 

2008). Within  the  signaling  pathways  functional  category,  129  transcripts  were  down-

regulated; among them salicylic acid-mediated signaling was significantly enriched, what 

could be related to stress responses as well as elicitation of phytoallexin biosynthesis (Li et  

al., 2008). 

A set of transcription factors were also down-regulated. It comprised some ERFs (9 

transcripts), belonging to the AP2-like (Dietz et al., 2010) transcription factor family, most 

of them related to ethylene regulated responses. In poplar, the temporal expression of some 

ERF-like transcripts at the beginning of SD photoperiods has suggested a role for ethylene 

in the regulation of dormancy  (Ruttink  et al.,  2007). In fact, poplar, leafy spurge and 

potato  have  a  transient  peak  in  ethylene  or  ethylene  perception  associated  with 

endodormancy induction (Horvath, 2009). 

Transcripts showing up-regulation were enriched in functional categories related to 

nucleotide metabolism and nucleic acids and protein metabolism. Among them, enrichment 

of RNA metabolism and translation initiation functions could reveal the existence of gene 

expression mechanisms relying on stored mRNAs transcripts ready to be translated at bud 

break as has been observed in dry angiosperm seeds (Kimura and Nambara, 2010). 

The  increase  of  transcription  of  starch  metabolism  genes  (both  biosynthesis  and 

catabolism) in dormant buds is in agreement with the observation in poplar dormant and 

cold-treated tissues of a high prevalence of transcripts related to starch metabolism and 

suggested a role in cryoprotection (Geisler-Lee et al., 2006). 
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The  endo/ecodormancy  transition  was  characterized  by  a  further  decline  in 

transcripts participating in cellular processes as well as primary and secondary metabolism 

functional  categories,  cell  wall  metabolism  and  biogenesis,  carbohydrate  metabolism, 

similar to what was observed in the para/endodormancy transition. Stress responses were 

also under-represented from SEP to NOV, especially categories related to oxidative stress. 

An activation of the oxidative stress response machinery preceding endodormancy release 

would  be  in  agreement  with  previous  reports  showing  that  oxidative  stress  affecting 

mitochondrial function could participate in endodormancy release in grapevine (Halaly et  

al., 2008; Perez  et al., 2009). On the other hand, the endo/ecodormancy transition was 

marked by an enrichment of  ABA catabolism, in agreement with the role  of  ABA in 

endodormancy and its decay during endo/ecodormancy transition  (Horvath, 2009). ABA 

levels correlate with bud dormancy in several species and decay throughout the transition 

to ecodormancy. Both in poplar and leafy spurge, ABA content peaked after few weeks of 

SD and decayed later  (Ruttink  et al., 2007; Horvath  et al., 2008). Moreover, an ABA-

related transcript has also been reported to be down-regulated during the chilling period 

required for endodormancy release in grapevine  (Mathiason  et al., 2008). Buds of NOV 

also showed an enrichment of stilbenoid biosynthesis that in grapevine usually responds to 

biotic and abiotic elicitors (Bavaresco et al., 2009). Finally, enrichment of nicotinate and 

nicotinamide metabolism in NOV as well as nucleotide and amino acid transport might 

suggest  the  initiation  of  certain  metabolic  activity  paralleling  the  endo/ecodormancy 

transition. Interestingly, the ERF subfamily of transcription factors that was significantly 

enriched in JUL versus SEP was also found in NOV versus SEP. Moreover, five of these 

transcripts  were  common  in  JUL  and  NOV,  suggesting  common  functions  before 

para/endodormancy and after endo/ecodormancy transitions 
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 The  ecodormancy/budbreak  transition  was  characterized  by  resumption  of  cell 

proliferation  and  growth  that  involves  the  activation  of  those  processes  repressed  in 

dormancy  (represented  by  cell  growth  and  death,  respiratory-chain  phosphorylation, 

photosynthesis,  auxin  biosynthesis  and  primary  and  secondary  metabolism  functional 

categories). According with the exposed above, it can also be observed an up-regulation of 

transcripts related to cell wall modification and biosynthesis, required for cell growth and 

differentiation. Specifically, 1,3- -glucan catabolism, that could also be related to restoringβ  

cell  wall  properties  and  cell  communication  throughout  callose  hydrolysis  at 

plasmodesmata.  Induction  of  1,3- -glucanase  after  the  application  of  dormancy-releaseβ  

agents has also been reported in grapevine  (Pacey-Miller  et al., 2003). Interestingly, the 

significantly enriched hormone signaling functional categories were those related to auxin 

and  salicylic  acid  that  likely  have  a  role  in  cell  proliferation  and  expansion  (Perrot-

Rechenmann, 2010) as well as in the response to biotic stress (Li et al., 2008). 

On the other hand, transcripts belonging to categories mainly related to previous 

periods  (starch  and  sugar  catabolism  or  signaling  and  stress  responses)  were  down-

regulated. Similar underrepresentations were also observed in transcription factor families 

known to be involved in stress adaptive responses such as HSF (Scharf et al., 2012), NAC 

(Olsen et al., 2005) and WRKY (Rushton et al., 2010) families, as has been reported in 

other species (Mazzitelli et al., 2007; Horvath et al., 2008).

Interestingly, the analysis of expression of key regulators along bud cycle (Figure 15) 

revealed  some  transcription  factors  showing  their  highest  expression  values  during 

dormancy.  Among  them,  two  MADS-box  genes,  VvFLC2 and  VvAGL15.1, which 

Arabidopsis  homologs have been involved in flowering repression. Expression pattern of 

VvFLC2, resembles that reported for FLC-like genes in other polycarpic plants as trifoliate 
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orange (Zhang et al., 2009) or leafy spurge (Doğramaci et al., 2010), where they could be 

involved in the regulation of dormancy. Interestingly, the putative grapevine homolog of 

AGL15,  VvAGL15.1, has the same expression pattern as VvFLC2. A role as repressor of 

flower meristem initiation has been proposed for AGL15 and 18 in Arabidopsis (Adamczyk 

et al., 2007). 

 We did not observe significant expression changes of  SVP homologs (known to be 

involved in dormancy regulation in several perennial species) along bud dormancy that 

would justify their role in that process, as has been reported in other species (Bielenberg et  

al., 2008). In peach, a deletion of these genes causes the  evergrowing mutant phenotype 

and a complete lack of dormancy of the terminal shoot meristems (Bielenberg et al., 2008). 

Two members of the FT/TFL1 gene family (VvTFLC1 and VvMFT2) (Carmona et  

al., 2007a) were also detected during the bud dormancy period, opening the possibility 

that their function could be related with the control of dormancy in grapevine. In fact, 

high expression of a member of the FT/TFL1 family (PaFT4) in Norway spruce (Picea 

abies L.)  correlates  with growth cessation  and bud set  (Gyllenstrand  et  al.,  2007), in 

contrast to that observed for the  PtFT1 gene of  poplar (Böhlenius  et al., 2006). Indeed, 

comparative sequence and expression analysis of the FT/TFL1 family in gymnosperm and 

angiosperm species lead to speculate that the original function of this gene family could be 

related to the regulation of growth arrest and/or dormancy (Karlgren et al., 2011). 

Finally,  several members of  the  SPL gene family displayed an expression pattern 

more restricted to the dormancy period (VvSPL1-L, VvSPL6-L, VvSPL7-L, VvSPL12-L, 

VvSPL14-L and VvSPL13-L2). Most Arabidopsis counterparts of these genes belong to the 

miR156/7 non-targeted SPL subfamily (SPL1, 7, 12, 14 and 16) that comprises the larger 

proteins in the family  (Xing  et al., 2010). Little is known about the functions of these 

putative transcriptional regulators with the exception of  SPL14, which seems to regulate 
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plant  architecture  and  the  length  of  vegetative  phase.  An  Arabidopsis  mutant  with 

reduced SPL14 expression, had elongated petioles, serrated leaf margins and an accelerated 

vegetative phase change (Stone et al., 2005), suggesting that this gene could play a role as 

a  negative  regulator  of  phase  transition  and flowering  (Usami  et  al.,  2009) and have 

antagonistic  function  to  other  SPL proteins  that  promote  vegetative  phase  change. 

Interestingly, both VvSPL14-L and VvSPL12-L showed an expression pattern very similar 

to  VvFLC2 and  VvAGL15.1 which  could  also  suggest  a  role  for  these  SPL genes  in 

dormancy maintenance. The information about the role of SPL-like genes in woody species 

is still scarce, but in poplar, two of these genes (SPL-like 3 and 6) were detected during 

dormancy (Ruttink et al., 2007) with SPL6-like increasing and SPL3-like deceasing along 

dormancy. Further studies will be required to elucidate the possible role of the SPL gene 

family in bud dormancy.
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5.3. FLOWERING TRANSITION IN LATENT BUDS 

Monitoring the expression of specific transcripts in latent buds (Figure 15), allowed 

the  identification  of  a  cluster  showing  transcripts  expressed  in  latent  buds  when 

inflorescence primordia are initiated and proliferate and defined by the well characterized 

MADS-box gene VvSOC1.1, which expression pattern suggests that it could play a crucial 

role in flowering transition, as does SOC1, its Arabidopsis homolog (Lee and Lee, 2010). 

The three  SOC1 homologs in grapevine show parallel expression patterns in vegetative 

organs and latent buds (Figures 25 and 27). They fit well with the expression patterns 

described  for  members  of  this  subfamily  in  other  species,  where  the  major  expression 

domains are not the floral organs (Lee et al., 2000; Samach et al., 2000; Schönrock et al., 

2006). SOC1 and AGL19 have been shown to function as flowering promoters integrating 

flowering signals from different pathways (Lee et al., 2000; Samach et al., 2000; Hepworth 

et al., 2002; Moon  et al., 2003; Schönrock  et al., 2006; Liu  et al., 2008) and positively 

regulating downstream targets like flower meristem identity genes AP1 and LEAFY (LFY) 

(Schönrock et al., 2006).  VvSOC1.1 is one of the earliest MIKC genes detected in latent 

buds what fits well with a putative role as a flowering promoter (Figure 27). Other MADS-

box  genes  in  this  cluster  were  members  of  the  FLC (VvFLC1)  and  SVP subfamilies 

(VvSVP1, VvSVP3 and VvSVP5). VvFLC1 showed high expression during the first season, 

decreased during dormancy and increased again during the second growing season (Figure 

31) in the same way as  PEP1, the  Arabis alpina homolog of  FLC, which expression is 

reduced during winter but increases again when growth is resumed after the cold period 

(Wang et al., 2009). 
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Fluctuations in the FLC transcript levels in this polycarpic crucifer would allow some 

meristems to undergo flowering transition while others keep the vegetative growth of the 

plant. A similar role for VvFLC1 in maintaining vegetative growth of the young meristems 

that will give rise to the new latent buds could be proposed in grapevine. The two FLC 

homologs  found  in  grapevine  (VvFLC1 and  VvFLC2)  showed  an  opposite  expression 

pattern in buds (Figure 31), as discussed in the previous section, where VvFLC2 expression 

pattern could be associated to dormancy regulation. Further studies of FLC gene homologs 

in  additional  polycarpic  plants  could  help  elucidating the  role  they can play in  these 

processes. Moreover, their sequence divergence with respect to Arabidopsis genes and their 

different expression patterns could be related with playing different roles in other species. 

Regarding  SVP genes in grapevine (SVP1, 3  and 5),  expression was observed in 

vegetative and reproductive organs such as roots, leaves, stems, flowers and fruits (Figure 

25), in a similar way as in Arabidopsis where  SVP and  AGL24 have been detected in 

many vegetative and reproductive organs (Hartmann et al., 2000; Yu et al., 2002; Michaels 

et al., 2003; Liu et al., 2008). However, their expression patterns were distinct than those 

of their  A. thaliana counterparts  (Perrot-Rechenmann, 2010) since their expression was 
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Figure 31: Expression pattern of the two grapevine FLC homologs. Average expression values for 
each time-point are shown.
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high  in  latent  buds  from Jun  to  August  (Figure  27),  reduced  during  dormancy  and 

increased again at flower meristem formation (Figure 15). In Arabidopsis,  SVP seems to 

mediate in ambient temperature signaling by interacting with FLC to negatively regulate 

expression of the floral pathway integrators  SOC1 and  FLOWERING LOCUS T (FT) 

(Lee  et al., 2007; Liu  et al., 2008). Given the relevance of high temperature to promote 

flowering transition in grapevine latent buds it is tempting to speculate that this gene 

subfamily  could  play  a  similar  role  in  grapevine.  It  has  been  suggested  that  the 

overexpression  of  VvSVP1 in  young  inflorescences  detected  in  the  RRM mutant  (V. 

vinifera var. Carignan) could contribute to the delay in the acquisition of floral meristem 

identity, as  SVP in Arabidopsis. This somatic variant shows extremely branched lateral 

organs (tendrils and inflorescences) and also delayed anthesis. This phenotype is caused by 

the overexpression of  VvTFL1A due to the insertion of a transposable element into its 

promoter region (Fernandez et al., 2010). Nevertheless, SVP genes could play new roles in 

grapevine as JOINTLESS, a tomato SVP homolog, is involved in the development of the 

pedicel abscission zone (Mao et al., 2000). Furthermore, the seasonal separation between 

inflorescence and flower meristem formation in grapevine could require the participation of 

transcriptional repressors such as members of the  AGL15,  FLC and  SVP subfamilies to 

prevent  the  development  of  flower  meristems  before  the  dormancy  period.  Since  the 

establishment of monocarpic or polycarpic lifestyles has independently arisen many times 

in the different botanical families of flowering plants (Amasino, 2009), it is possible that 

mechanisms involved in the control of bud dormancy or repression of flower meristem 

formation would have recruited different regulatory genes in different botanical families. 

Further experiments will be needed to assess the biological function of the members of 

these transcriptional regulator families in such processes. 

Additionally,  the  early  expression  of  VvFUL in  latent  buds  during  flowering 

transition (Figure 27) suggests a role in this process as has been proposed for VvAP1 and 
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VvFUL-L based  on  in  situ  hybridization  experiments  (Calonje  et  al.,  2004) which  is 

consistent with the role proposed for AP1 and FUL in the specification of inflorescence and 

flower meristem identity in Arabidopsis  (Mandel and Yanofsky, 1995; Ferrándiz  et al., 

2000a).  Detection  during  flowering  transition  of  APETALA3.2,  PISTILLATA and 

AGAMOUS homologs (Figure 15) suggests that these genes, involved in the specification 

of flower organs identity, could already be expressed in the inflorescence meristems of first 

season buds in preparation for the flower organ specification that takes place during the 

second growing season. 

VvMFT1 (Carmona  et  al.,  2007a),  a  member  of  the  FT-TFL1 family  of 

transcriptional regulators  (Yoo  et al., 2004; Xi  et al., 2010), is also expressed with the 

highest expression level when inflorescence primordia are initiated and proliferate.  VFL 

and  VvFT which Arabidopsis homologs are required for flowering transition and flower 

meristem specification were also expressed at this stage (Carmona et al., 2002, 2008), but 

had their highest expression level during flower meristem and floral organ differentiation 

(Figure 15). The expression patterns of these genes are compatible with a role in flowering 

transition. 

 Transcripts homologs to SPL3,  4, 5 and 9, all belonging to the miR156/7-targeted 

SPL subfamily in Arabidopsis, are detected during inflorescence meristem proliferation and 

branching but also during flower meristem and floral organ differentiation. SPL3, 4, 5 and 

9 genes act as positive regulators of juvenile-to-adult phase change transition and flowering 

(Wu et al., 2009; Yamaguchi et al., 2009; Amasino, 2010) and are regulated by SOC1 in 

Arabidopsis  (Jung  et  al.,  2012).  The  putative  homologs  could  play  a  similar  role  in 

grapevine. Additionally, it was also detected the expression of a miR156/7 non-targeted 

SPL8 gene homolog which is involved in pollen sac development in Arabidopsis (Unte et  

al., 2003) and required for male fertility (Xing et al., 2010) and two SPL2 homologs whose 

Arabidopsis  counterpart  is  miR156-targeted and seems to be involved in  lateral  organ 
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development within the reproductive phase (Shikata et al., 2009). In Vitis riparia has been 

identified  an  SPL2 homolog  (VIT_11s0065g00170)  that  seems  to  be  regulated  by 

photoperiod (Sreekantan et al., 2010) that could suggest that these genes could be involved 

in the early stages of inflorescence meristem specification.
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5.4. INFLORESCENCE VERSUS TENDRIL 
DEVELOPMENT 

Grapevine tendrils and inflorescences are both determined organs sharing a common 

ontogenetic  origin.  Their  development  include  cell  proliferation  and cell  differentiation 

phases that in inflorescences are extended after bud emergence to include flower meristem 

specification and flower organ differentiation. In fact, our transcriptional and functional 

enrichment analyses support the hypotheses that both organs share an initial phase of cell 

growth characterized by the expression of common functional categories.  This phase is 

progressively switch off along development and substituted by a cell differentiation phase 

in which each type of  organ display more specific transcript sets enriched in  different 

functional categories. 

5.4.1. Common features along tendril and inflorescence development 
The  inflorescence  and  tendril  development  have  some  common  features  at 

transcriptome level, probably related with processes of aging or organ maturation since it 

can be observed a shift from a proliferating and photosynthetic organ to a differentiated 

and mature one. 

In down-regulated transcripts there is a great similarity between both organs, while 

up-regulated  transcripts  showed  only  few  common  members.  Tendril  down-regulated 

profiles are in concordance with the fast initial proliferation of cells taking place during the 

first stages of tendril development and its progressive decay to be substitute by cell growth 

and differentiation in further developmental stages. Thus, the most significant categories 

down-regulated were those characteristic of actively proliferating cells, among them GRF 

and GIF transcription factors. GRF and GIF proteins form a functional complex involved 

in regulating cell cycle and cell proliferation and determining the final shape of lateral 
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organs  (Kim and Kende, 2004). Genes of these families were expressed more strongly in 

immature organs and tissues than in mature ones in several species  (Kim and Kende, 

2004). GIF genes may affect the duration of cell proliferation by modulating the expression 

level of cell cycle regulators and seems to be required for other developmental processes, 

such as plastochron and flower structure specification  (Lee  et al., 2009). Decay in auxin 

metabolism,  that  have  a  role  in  cell  proliferation  and expansion  (Perrot-Rechenmann, 

2010) is also in agreement with a reduction in cell proliferation. 

In inflorescences, down-regulated transcripts were also those characteristic of actively 

proliferating  cells  (chromatin  assembly,  regulation  of  cell  cycle,  microtubule-driven 

movement, cell  division and GRF transcription factors).  The high number of  common 

genes within the functional categories enriched among down-regulated transcripts could 

suggest that they participate in basic aspects of cell proliferation. 

Expression analysis of key regulators along development of tendrils and inflorescences 

identified a cluster  (second cluster,  Figure 22)  containing common transcripts  in  both 

organs, with the highest expression level in the first stages of inflorescences (B and D) and 

tendrils  (T1) development. They belong to the  SVP (VvSVP1, 3 and  5)  subfamily of 

MADS-box,  that  were  also  detected  during  flowering  transition  and to  the  SPL gene 

family and could be involved in the regulation of common processes taking place in the 

first stages of determined organs development, like the control of cell proliferation 

SPL genes in this cluster were VvSPL5-L2, VvSPL6-L, VvSPL9-L, VvSPL13-L1 and 

VvSPL13-L2 (Figure 22) some of them homologous to  SPL5 and  9, that belong to the 

miR156/7-targeted SPL subfamily of transcription factors that were also detected during 

flowering transition (Figure 15). These genes act as positive regulators of juvenile-to-adult 

phase  change  transition  and  flowering  in  Arabidopsis  and  could  be  involved  in  the 

regulation of an age-dependent organ maturation program (Wu and Poethig, 2006; Guo et  
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al., 2008; Wu et al., 2009; Yamaguchi et al., 2009; Amasino, 2010)

VvFUL (AP1/FUL subfamily of MADS-box genes) was also preferentially expressed 

in  B and D stages  and in  T1 as well  as  VvSOC1.2 the putative Arabidopsis  AGL42 

homolog. AGL42 promotes flowering at the shoot apical and axillary meristems and seem 

to act through a gibberellin-dependent pathway (Dorca-Fornell et al., 2011)

Other gene also shared among both organs (cluster 4, Figure 22) was the VvFT gene 

that  followed an expression pattern more intense in  G stage inflorescences and in T5 

tendril.  As  was  previously  described,  VvFT expression  in  grapevine  was  associated  to 

seasonal  flowering  transition  in  latent  buds  and to  the  development  of  inflorescences, 

flowers and fruits  (Carmona  et al., 2007a), similarly to what has been described for  FT 

(Kardailsky et al., 1999; Kobayashi et al., 1999; Takada and Goto, 2003; Yamaguchi et al., 

2005). VvAP1 (Figure 26), the putative grapevine AP1 ortholog, was previously shown to 

be expressed in all the tendrils of the plant  (Calonje  et al., 2004). Detection of  VvFT 

expression in tendrils and inflorescences additionally supports the homology between those 

two organs. AP1 was shown to be a downstream target of FT in Arabidopsis (Ruiz-García 

et al., 1997; Wigge  et al., 2005) and the observed parallelism between the expression of 

VvFT and  VvAP1 in  grapevine could suggest  the conservation of  a  similar  regulatory 

network. 

Five SPL-related transcripts are also grouped in cluster 4 of Figure 22 and are shared 

by both  organs.  Three  of  them  (VvSPL12–L, VvSPL14-L and  VvSPL7-L) are  mainly 

expressed in B and I inflorescence stages as well as T3, T5 tendrils. VvSPL1-L is restricted 

to  inflorescence  stage  I  and  finally,  VvSPL3-L, showed  expression  at  I  stage  and  in 

tendrils.  Most  Arabidopsis  counterparts  of  these  genes  belong  to  the  miR156/7  non-

targeted SPL subfamily (SPL1, 7, 12, 14 and 16). Finally, VvAGL17.2 and VvTM8 which 

are not present in the GrapeGen gene-chip (Figure 26) were also expressed in mature 
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tendril and inflorescence.

In  summary,  common  transcript  and,  among  them  transcription  factors,  could 

represent genes involved in basal processes shared by both homologous organs as those 

related to cell proliferation, growth and differentiation. 

 5.4.2. Transcriptional differences along tendril and inflorescence 
development 

Although most of the gene-functions categories up-regulated in tendrils are also up-

regulated in inflorescences, common genes in categories enriched were scarce, suggesting 

the requirements of specific gene functions in the differentiation processes taking place in 

each structure. 

5.4.2.1. Tendril development specific transcriptome 
Up-regulated  functions  in  tendrils  are  in  concordance  with  the  cell  growth  and 

differentiation taking place along organ development (Figure 18). Up-regulated transcripts 

are highly enriched in those encoding gene products  involved in cell  wall  metabolism, 

carbohydrate  and  phenylpropanoid  metabolism,  cell  growth  and  death,  abiotic  stress 

response, signaling, transport and the PLATZ family of transcription factors, a class of 

plant-specific  zinc-dependent  DNA-binding  proteins  responsible  for  A/T-rich  sequence-

mediated transcriptional repression. It has been suggested that these transcription factors 

could be involved in cell division or regulation of differentiation in cell undergoing cell 

division  throughout  a  progressive  decrease  in  cell  proliferation  (Nagano  et  al.,  2001; 

Mitsuda and Ohme-Takagi, 2009). Major functional categories identified among transcripts 

differentially  expressed  in  tendrils  versus  inflorescences  were  photosynthesis,  secondary 

metabolism  (aromatic  aminoacid  metabolism,  terpenoid  biosynthesis,  carotenoid  and 

flavonoid biosynthesis) and hormone signaling (mainly auxin related signaling) 
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In addition, there is a group of key regulators of reproductive development which are 

up-regulated  mainly  in  tendrils  (third  cluster,  Figure  22).  This  cluster  includes  three 

members of the MADS-box gene family (VvSOC1.1, VvAGL6.2 and VvFUL-L). VvSOC1.1 

is the putative homolog of SOC1 which, as mentioned previously, plays a relevant role as a 

flowering promoter integrating flowering signals from different pathways (Lee et al., 2000; 

Samach et al., 2000; Hepworth et al., 2002; Moon et al., 2003; Schönrock et al., 2006; Liu 

et al., 2008; Lee and Lee, 2010; Jung  et al., 2012) and positively regulates downstream 

targets  like  flower meristem identity genes  AP1 and  LEAFY (LFY; Schönrock  et  al., 

2006). VvSOC1.1 is one of the earliest MIKC-genes detected in latent buds which fit well 

with a putative role as a flowering promoter. Surprisingly, this gene was also expressed 

along tendril development with the highest levels in developed T5 tendrils (Figure 26). 

Similarly, VvAGL6.2 also showed its highest expression level during tendril development. 

It has been previously shown  that a duplication of the AGL6 subfamily has occurred in 

angiosperms (Viaene et al., 2010), one of them at the base of core eudicots resulting in two 

AGL6 clades, euAGL6 that is confined predominantly to reproductive tissues and AGL6-

like that acquired expression in vegetative tissues and could be involved in developmental 

transitions of vegetative shoots.  VvAGL6.2 belongs to the  AGL6-like clade and was also 

expressed in buds during the dormancy period and in April swelling buds, although the 

highest  expression  levels  appeared  during  tendril  development.  However  VvAGL6.1 

(cluster 1, Figure 22 and cluster 2, Figure 26) shows the highest expression levels in stage 

G inflorescences but not in tendril, in agreement with the observed expression in other 

eudicots  (Koo et al., 2010; Viaene  et al., 2010). Other MADS-box genes with significant 

expression along tendril development were VvFUL-L and VvAP1 (Figure 26). These genes 

are members of the  AP1/FUL subfamily and have been previously shown to be highly 

expressed  in  tendrils  (Calonje  et  al.,  2004). In  contrast,  VvFUL shows  a  different 

expression  pattern  as  shown  in  section  5.4.1.  Thus,  functional  divergence  within  this 
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subfamily and the novel roles acquired could have conditioned the evolution of tendrils as 

climbing  organs  which  will  require  functional  analyses  to  characterize  the 

subfunctionalization events in tendril and inflorescence development. 

SPL genes in this cluster (third cluster, Figure 22) were represented by two SPL2-

like (VvSPL2-L1 and 2) genes and one SPL4-like member (VvSPL4-L). These genes were 

also expressed during flowering transition in latent summer bud and  VvSPL4-L also in 

April swelling buds but the highest levels appeared along tendril development. In addition, 

three members of the FT/TFL1 family are included in the same cluster (VvMFT-1 and 2 

and  VvTFLC1). VvMFT-1 had the highest expression levels in the first season during 

flowering transition (Carmona et al., 2007a) and showed also the highest expression levels 

during tendril development (Figure 22). 

Altogether, the expression of genes classically involved in reproductive development 

along tendril development which could suggest that the evolution of tendrils as climbing 

organs could have been conditioned by the functional divergence within these subfamilies 

and the  novel  roles  acquired  by these  genes,  that  would  have  been  recruited  for  the 

development of tendrils.  This involve members of  the  SOC1, AP1/FUL, AGL6  MIKC 

subfamilies and also some genes belonging to the  SPL and FT/TFL1 gene families that 

were differentially expressed between tendril and flowers what deserves further analysis to 

establish their possible involvement in tendril development. 

5.4.2.2. Inflorescence and flower specific transcriptome 
Comparison  of  inflorescences  and  tendrils  transcriptomes  showed  a  general 

enrichment in the transcription factor functional category in the inflorescence (Figure 21), 

suggesting a more complex regulation in this organ, consistently with its much higher 

complexity.  The  transcription  factor  category  included  the  MADS-box  family  of 
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transcription factors highly significant by itself, the VFL and VRN1-4 transcripts, as well 

as members of the LIM, ABI3VP1, AP2, AS2, bHLH, DOF, YABBY, Homeobox, MYB, 

NAC, WRKY, G2-like and Zinc-Finger homeodomain-containing families (Additional file 

15).  Many MADS-box genes were specifically expressed in inflorescence that contained 

most of the genes involved in floral organ development (Figure 22, cluster 1) as well as 

genes  VvBS1 and  2  (Figure 22,  cluster  4),  likely associated with the events of  flower 

meristems and flower organs differentiation. Consistently, this cluster also included VFL, 

which Arabidopsis homolog LEAFY is required for flower induction and flower meristem 

specification. The different level of  VFL expression in tendrils  and inflorescences could 

suggest  that  a  threshold  level  of  VFL could  be  required  for  the  development  of 

inflorescence  and flower  meristem instead of  tendril,  as  has  been  previously  suggested 

(Carmona et al., 2007b). Moreover, MADS-box genes involved in the specification of flower 

organs  identity  such  as  B  function  genes  belonging  to  the  AP3/PI subfamily  (VvPI, 

VvAP3.1 and VvAP3.2) (Sreekantan et al., 2006; Poupin et al., 2007); C and D function 

genes (VvAG1, VvAG2 and VvAG3) (Boss et al., 2001, 2002); E function genes (VvSEP1-

4)  were  also  detected  following the expected expression  pattern.  Two other  grapevine 

MADS-box genes showed expression in  inflorescences,  VvFLC1 mainly in  G stage and 

VvFLC2 in B and G stages.  VvFLC1 and  VvFLC2 have been shown to be expressed 

during flowering transition  in  the first  season and  VvFLC2 also  during the  dormancy 

period (Figure 31). Another MADS-box gene,  VvAGL15.1, was expressed at the highest 

levels in stage G and I. In Arabidopsis,  AGL15 is broadly expressed in vegetative and 

reproductive organs (Alvarez-Buylla et al., 2000; Lehti-Shiu et al., 2005; Adamczyk et al., 

2007) and in all tissues of embryos, declining in later stages of seed development and has 

been proposed to function as repressors of the floral transition, acting upstream of FT and 

probably in combination with other floral repressors like SVP or FLC (Adamczyk et al., 

2007). As  mentioned  above,  this  gene  could  also  be  involved  in  bud  dormancy  in 
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grapevine. Two SPL-like genes were also included in this cluster, VvSPL5.1 and VvSPL8-

L. They were also expressed during flowering transition in latent summer buds. 

Moreover,  cluster  analysis  along  inflorescence  development  (Figure  20)  allowed 

identifying additional significantly enriched categories. Enrichment in functional categories 

such as fatty acid and lipid metabolism, jasmonate signalling and oxylipin biosynthesis 

evidenced  the  importance  of  several  related  functions  or  processes  in  inflorescence 

development. Fatty acid biosynthesis is crucial in plant development, cell signalling and 

stress response acting as precursor of complex lipids or hormones biosynthesis such as 

jasmonic acid (Wu and Xue, 2010). In Arabidopsis  (Mandaokar et al., 2003) it has been 

shown a  role  of  jasmonate  in  promoting  anther  and pollen  development (synchronous 

pollen  maturation,  anther  dehiscence  and  flower  opening)  thus  suggesting  a  role  for 

jasmonic  acid in  the last  stages of  flower development also  in  grapevine.  In addition, 

functional  categories  such  as  alcohol  dehydrogenase  superfamily  (ADH),  pyruvate 

fermentation,  invertase/pectin-methylesterase  inhibitor  family  and  bZIP  family  of 

transcription factors could also be specific of later stages of flower development. ADH has 

been involved in anaerobic responses playing important roles in tissues temporally exposed 

to  these  conditions  (De  Bruxelles  et  al.,  1996). The  invertase/pectin-methylesterase 

inhibitor family plays important roles in developmental processes. In tobacco, invertase 

inhibitor  NtCIF shows  strong  expression  in  the  flower  during  later  stages  of  flower 

development  (Rausch  and  Greiner,  2004). Finally,  copine  family  also  appeared  as  a 

significant  category  in  inflorescences  when  comparing  tendril  versus  inflorescence 

trascriptome (Figure 21) Copine proteins in Arabidopsis seem to be involved in promoting 

growth and development and in the repression of cell death (Yang et al., 2006). Their role 

in grapevine has not been investigated.

Grapevine flower development showed extensive similarities  with what has been 

described in Arabidopsis and other plants species. The analysis performed on MADS-box 
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genes expression (Figures  25,  26 and 27)  showed that the control  of  grapevine flower 

development  followed  the  ABCDE  model  first  described  in  Arabidopsis.  With  the 

exception of  VvAP1, which role in function A in grapevine has been questioned on the 

basis  of  its  expression  pattern  (Calonje  et  al.,  2004), all  the  other  MIKC subfamilies 

involved in the functions required to establish flower organ identity are detected in flowers 

(Figure 25). Regarding function B, three AP3/PI subfamily members were detected, all of 

them  previously  characterized  as  VvMADS9 (VvPI), VvAP3 (VvAP3.1) and  VvTM6 

(VvAP3.2) (Sreekantan et al., 2006; Poupin et al., 2007; Fernandez et al., 2012) as close 

homologs of Arabidopsis PI and AP3 and tomato TM6 respectively. Our results show that 

VvAP3.2 is also detected during fruit development, what is consistent with the results of 

Poupin et al, 2007 who showed that  VvAP3.2 is higher expressed in carpels, fruits and 

seeds  than  in  petals.  This  differential  expression  of  VvAP3.1 and  VvAP3.2 (VvTM6) 

suggests their  possible sub-functionalization in grapevine in a similar way as has been 

proposed in Solanaceae  (De Martino  et al., 2006; Rijpkema  et al., 2006), where euAP3 

could play a more direct role in petal development and  TM6 in stamen differentiation. 

Detection of VvAP3.2 in carpels and along berry development and ripening suggest a new 

role for this gene in grapevine fruit development.

Genes  involved  in  C-and  D-functions  form  the  monophyletic  AGAMOUS (AG) 

subfamily. In grapevine, this subfamily contains three members, two of them (VvAG1 and 

VvAG2) related to AG and the third one (VvAG3) to STK/AGL11. Two of these AG-like 

grapevine genes were previously characterized and their reported expression patterns fit 

well with those found in this work  (Boss  et al., 2001, 2002). These expression patterns 

correspond to what could be expected based on their proposed function in Arabidopsis. AG 

specifies  the identity of  stamens and carpels  and it  is  also required, together with D-

function genes such as STK/AGL11, SHATTERPROOF 1 and 2 (SHP1 and SHP2), for 

ovule  identity.  These  D-function  genes  also  participate  in  the  regulation  of  fruit 
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development (Pinyopich et al., 2003; Mejía et al., 2011). Interestingly, no genes related to 

Arabidopsis SHP1 and SHP2 were identified in poplar or grapevine. 

The  SEP subfamily (E-Function) in grapevine has four members as in Arabidopsis 

(Figure 24 and Additional file 14). Our results show that VvSEP1 (previously described as 

VvMADS2, (Boss et al., 2002) ) is the closest homolog to tomato TM29 and Arabidopsis 

SEP1 and SEP2, whereas VvSEP3 (previously known as VvMADS4, (Boss et al., 2002)) is 

closely related to SEP3. No close homologs could be identified in Arabidopsis to VvSEP2 

and VvSEP4. VvSEP2 seems more related to the FBP9/FBP23 subclade (Immink et al., 

2003; Vandenbussche et al., 2003; Malcomber and Kellogg, 2005) that is present in several 

species but absent in Arabidopsis.  VvSEP4 could be related with the SEP4 group which 

shows diverse patterns of expression in different plant species, suggesting a wider sequence 

and functional divergence within this subclade (Additional file 14). All four VvSEP genes 

are expressed in flowers and fruits as described in other species (Malcomber and Kellogg, 

2005). However, VvSEP3 was detected at lower level in flowers than in fruits (Figure 26). 

Arabidopsis SEP genes are responsible for function E and play redundant roles with other 

MIKC genes in floral meristem determinacy and organ identity in the four whorls (Pelaz 

et al., 2000, 2001; Ditta et al., 2004). The involvement of SEP homologs in other roles is 

becoming  progressively  evident  in  other  plant  species  (Malcomber  and  Kellogg,  2005; 

Ireland  et  al.,  2013). Expression  of  VvSEP genes  and  specially  VvSEP3 along  fruit 

development and ripening, suggests a role for these genes in those processes. Similarly, two 

tomato  SEP genes,  TM29 and  LeMADSRIN seem  to  play  a  role  in  tomato  fruit 

development  (Ampomah-Dwamena  et  al.,  2002;  Vrebalov  et  al.,  2002). Detection  of 

VvFUL-L expression  in  fruits  is  also  consistent  with  a  role  in  fruit  development  as 

evidenced for Arabidopsis FUL (Gu et al., 1998; Ferrándiz et al., 2000b). 

5.4.3. Silencing of VvAP1 and VvTFL1A
The putative  function proposed  for  VvAP1 and  VvTFL1 genes in  grapevine was 
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tested through silencing experiments in  transgenic  Tempranillo  plants.  Given the time 

required  for  these  experiments  the  results  are  still  too  preliminary  and  difficult  to 

interpret.  It  has  been  shown that  the  completion  of  inflorescences,  flower  and tendril 

differentiation requires VvTFL1A to be progressively downregulated, as evidenced by the 

characterization of  the  RRM somatic variant  (Fernandez  et al.,  2010). The phenotype 

observed in plants showing  VvAP1 silencing could suggest that  VvAP1 is  required for 

complete determination of tendril meristems. In the presence of reduced VvAP1 expression, 

meristematic cells would proliferate along further cell divisions prior to differentiation and 

giving  rise  to  longer  tendrils.  This  hypothesis  could  be  tested  once  the  phenotype  is 

estabilized by studying whether hypoclade elongation in these plants results from higher 

number of cell or increased cell expansion. This hypothesis would be in agreement with a 

general  role  of  VvAP1 in  reducing  meristem  proliferation  and  promoting  cell 

differentiation. The role of VvTFL1A in the process of tendril growth and differentiation 

could be considered to be the opposite given the tremendous growth and ramification 

observed in tendrils and inflorescences with higher VvTFL1A expression. Under reduction 

of  VvTFL1A expression, tendrils would be expected to show a minor proliferation and 

rapidly differentiate in small  structures as observed in some of  the  VvTFL1A silenced 

transgenic plants. Again, further phenotypic analyses of silenced transgenic plants with a 

stabilized  phenotype  will  be  required  to  support  this  hypothesis  and  to  analyze  the 

interaction between VvAP1 and VvTFL1A in the regulation of tendril development.
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6. CONCLUSIONS

1. The main factors explaining the global gene expression differences along the 

grapevine bud annual cycle are the processes of bud dormancy and active growth as 

well as stress responses.

2. The  major  transcriptional  changes  during  dormancy  are  those  associated  to 

para/endodormancy, endo/ecodormancy and ecodormancy/bud break transitions.

3. Transcriptional  regulators  of  grapevine  reproductive  development  could  also  be 

involved in bud dormancy regulation as reported in other woody species. This could 

be the case for MADS-box genes VvFLC2 and VvAGL15.1 as well as members of 

the SPL-L family. 

4. The  expression  patterns  of  the  VvFUL, VvSOC1.1,  VvFT, VvMFT1,VFL  and 

VvSPL-L  homologous genes are compatible with a role in flowering transition in 

grapevine, as described in other plant systems. 

5. Tendrils and inflorescences share a transcriptional program of organ maturation, 

mostly evidenced by a decrease of cell proliferation-related functions, along their 

development.

6. Major  functional  categories  overexpressed  in tendrils  versus  inflorescences  are 

photosynthesis,  secondary  metabolism  and  hormone  signaling  related  to  their 

specific differentiation and function. 

7. Expression patterns of  VvAP1,  VvFUL-L, VvAGL6.2 and  VvSOC1.1 in  tendrils 

suggest that they could be involved in the regulation of tendril development.

8. The expression pattern of MADS-box genes corresponding to ABCDE functions, 

VvBS1 and  2 and the  VFL gene are compatible with a role in inflorescence and 

flower development. A threshold level of  VFL expression seems to be crucial  to 

specify the development of  inflorescence and flower meristems instead of  tendril 

meristems.



9. Genomic  analysis  of  the  MADS-box  gene  family  show  important  differences  in 

grapevine with respect to other species analyzed regarding number and expression 

pattern of FLC and SVP subfamilies putatively involved in temperature responses.

10. Silencing of  VvTFL1A and  VvAP1 genes in  transgenic  grapevine plants  suggest 

their involvement in the regulation of tendril development.
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