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Vernalization is defined as the response to prolonged cold exposure required for 

acquiring the molecular competence necessary to undergo floral transition. FLOWERING 

LOCUS C (FLC), a potent floral repressor in Arabidopsis, is highly expressed before 

vernalizing cold treatment but is repressed during prolonged vernalization. 

VERNALIZATION INSENSITIVE 3 (VIN3) is a Plant HomeoDomein (PHD)-

containing protein that is required for establishing vernalization-mediated repression of 

FLC. The induction of VIN3 is one of the earliest molecular events in vernalization 

response and its expression is intimately linked to prolonged cold exposure. However, 

mechanisms underlying VIN3 induction remain poorly understood. The constitutive 

repression of VIN3 in the absence of cold is due to multiple repressive components, 

including a transposable element-derived sequence, LIKE-HETEROCHROMATIN 

PROTEIN 1 (LHP1), and POLYCOMB REPRESSION COMPLEX 2 (PRC2). 

Furthermore, the full extent of VIN3 induction by vernalization requires activating 
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complex components, including EARLY FLOWERING 7 (ELF7) and EARLY 

FLOWERING IN SHORT DAYS (EFS). Dynamic changes in the histone modifications 

present at VIN3 chromatin during vernalization were also observed, indicating that 

chromatin changes play a critical role in regulating VIN3 induction. However, VIN3 

induction by vernalization still occurs in the absence of activation complexes and de-

repression of VIN3 in the absence of the repressive complexes is not sufficient for 

achieving complete induction. Thus, unknown cold-influenced regulators responsible for 

achieving maximum VIN3 induction during vernalization must exist. Therefore, forward 

genetic screening was undertaken to elucidate upstream regulators of VIN3. Molecular 

characterization of T-DNA mutant populations elucidated two interesting mutants: a 

mutant that ectopically expressed VIN3 before cold (ectopic VIN3 induction, evi1) and 

mutants that failed to induce VIN3 during vernalization (defects in VIN3 induction, dvi1). 

These results indicate that regulators of VIN3 in the vernalization pathway exist and that 

these regulators may use different mechanisms in order to influence VIN3 expression. 
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Chapter 1. Introduction to the Vernalization Pathway 

1.1 The history of vernalization 

 In most species of plant, flowering either requires or is enhanced by the previous 

exposure to the prolonged cold of the winter season. Vernalization is the process by 

which the exposure to prolonged cold promotes flowering in plants. In addition to being 

required in many domesticated plant species, a plethora of crop species also require 

vernalization in order to enhance flowering. In crops such as beet and cabbage, the 

requirement for vernalization ensures the prevention of precocious flowering during the 

first growing season as well as the differentiation of the vegetative (e.g. edible) parts of 

the plants. In winter cereals, the vernalization requirement allows planting of seeds in the 

fall in order to take full advantage of the favorable growth conditions in the spring. Since 

vernalization was originally an agricultural practice, it is not entirely surprising that the 

first reports of the effects of cold exposure on flowering time stem from agricultural 

sources. It was noted in 1619, in an agricultural bulletin, that harsh winters could destroy 

winter barley seeds that had previously been planted in the fall. However, barley seeds 

could be set outdoors in the cold of late winter in order to acquire the competence to 

flower (Kim, 1998). The term vernalization originates from the Russian agriculturalist 

Trofim Lysenko, who referred to the process as ‘jarovization’, which was later translated 

from Russian into vernalization; vernal is derived from vernum, the Latin word for spring 

(Chouard, 1960; Lang, 1965). 
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1.2 The physiology of vernalization 

 Biennials, perennials, and winter annuals all possess a vernalization requirement –

they must endure the cold of winter in order to produce flowers the following spring 

season. After flowering, biennials and winter annuals undergo the process of senescence 

(Sung and Amasinio, 2005). Whereas the vernalization requirement in biennial plants is 

typically obligatory, the response to vernalization in winter annual plants varies and 

depends upon the duration of cold exposure (Bernier et al., 1981; Chouard, 1960; Lang, 

1965). 

 Interestingly, although vernalization is necessary in many species of plant, this 

process is not sufficient to induce flowering alone: it provides the plants with the ability 

to flower as long as other necessary conditions conducive to the transition from 

vegetative stage to flowering stage are met. Lang and Melchers demonstrated this 

phenomenon in a specific biennial strain of henbane (Hyoscyamus niger), which flowers 

only in response to both vernalization as well as inductive (long day) photoperiods. 

Although henbane plants that have previously undergone vernalization grow without 

flowering in non-inductive (short day) photoperiods, they flower rapidly upon exposure 

to inductive photoperiods. This illustrates the way in which plants possess a “memory” of 

winter cold exposure, though the individual ability of vernalized plants to remember and 

to respond to cold varies with plant species from days to more than a year. Interestingly, 

plants exist that both require vernalization but do not appear to possess a “memory” of 

cold exposure, resulting in a need for these plants to flower during the period of cold 

exposure rather than afterwards (Bernier et al., 1981). Chouard, one of the original 
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pioneers in plant vernalization studies, provided a lasting characterization of the 

vernliazation process and the varied responses that he observed it elicited (Chouard, 

1960): “the acquisition or acceleration of the ability to flower by a chilling treatment”. 

 The perception of prolonged winter cold occurs in the shoot apex as a result of 

both grafting and localized vernalization experiments (Lang, 1965; Wellensiek, 1964). 

Although vernalization is typically not transmissible via grafting in most species, it has 

been shown previously that grafting of a nonvernalized shoot apex onto a vernalized 

plant of the same genotype or onto a related species of plant that does not possess a 

vernalization requirement promotes flowering (Lang, 1965; Reid and Murfet, 1975). 

Though the precise mechanism of graft transmissibility is not known, it is plausible that 

vernalization results in the production of a floral hormone, “vernalin”, that directly 

promotes flowering (Lang, 1965). However, it is also possible that the floral hormone 

produced is a result of the grafting itself and not vernalization, and this hormone 

promotes flowering directly without a vernalization requirement. 

 Both the site of cold perception and the lasting “memory” produced in plants that 

possess a vernalization requirement was also demonstrated in vernalized Lunaria biennis, 

where plants from various vernalized tissues were capable of being regenerated in vitro 

(Wellensiek, 1962; Wellensiek, 1964). In this study, only tissues that contained actively 

dividing cells regenerated into vernalized plants, suggesting that the ability to achieve a 

vernalized state can only be achieved in cells where mitosis is actively occurring, such as 

in mitotic cells undergoing DNA replication (Sung and Amasino, 2005). Furthermore, the 

vernalized state in these regenerating cells is maintained through subsequent cellular 
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divisions in tissue culture (Wellensiek, 1962; Wellensiek, 1964). In Arabidopsis, where 

these same experiments have been performed, the same regenerative phenomenon is 

observed in actively dividing cells (Burn et al., 1993). The constant nature of the cellular 

“memory” through mitotic divisions depicted in the Lunaria biennis experiments, as well 

as in the henbane studies, demonstrates that vernalization results in stable epigenetic 

changes in various plant species, which are characterized by the acquisition of the ability 

to flower that is capable of persisting throughout mitosis despite the absence of prolonged 

cold. Although the cellular “memory” is maintained throughout mitotic cellular divisions, 

the vernalized state is lost as cells undergo meiosis; thus, the “memory” of vernalization 

cannot be passed from one generation to the next, ensuring the re-establishment of the 

vernalization requirement (and, in essence, the proper timing of flowering) in each 

successive generation. 

 

1.3 The vernalization pathway 

The process of vernalization was originally an agricultural practice classically 

defined as, “the acquisition or acceleration of the ability to flower by a chilling 

treatment” (Chouard, 1960). A prolonged period of cold during the winter season serves 

as an environmental stimulus by which plants sense seasonal changes. For plants that 

reside in temperate climates, a vernalization requirement is critical for optimizing 

reproductive fitness in flowering plants by prohibiting the floral transition before the 

winter season and promoting the transition from vegetative to reproductive growth in the 

spring. Plants with a vernalization requirement typically also need proper photoperiod – 
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another environmental stimulus – to initiate flowering (Kim et al., 2009). Photoperiod is 

the relative change in the length of day and night that occurs throughout the course of a 

year and thus serves as an indicator for seasonal changes (Amasino, 2010). 

In Arabidiopsis, CONSTANS (CO) acts to promote the expression of floral 

integrator genes, such as FLOWERING LOCUS T (FT) and SUPPRESSOR OF 

OVEREXPRESSION OF CO 1 (SOC1), under proper photoperiods (i.e. long days) 

(Figure 1). Floral integrator genes are integral to promoting the floral transition of plants, 

for they are responsible for integrating a range of environmental and developmental cues 

and subsequently activating downstream floral meristem identity genes (Moon et al., 

2003; Moon et al., 2005; Wigge et al., 2005; Lee and Lee, 2010). These genes, in turn, 

act to promote the process of flowering by specifying certain cells in the growing tips of 

the plant (shoot apical meristems) to differentiate into a floral meristem and to eventually 

form a flower (Figure 1; Amasino, 2010; Amasino and Michaels, 2010). 

Some strains of Arabidopsis require a vernalizing cold treatment in addition to the 

proper photoperiod in order to accelerate the transition to a reproductive state. 

Vernalization provides these accessions with the competence to flower in the future 

through changes that remain stable even after plants are removed from the environmental 

stimulus – exposure to winter cold. Due to the stability of these molecular changes 

throughout subsequent mitotic divisions, this process is an epigenetic event whose effect 

on cellular processes is permanent even after the initiating environmental stimulus is 

removed (Dennis and Peacock, 2007; Kim et al., 2009). 
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Figure 1. Flowering pathways in Arabidopsis.  
 
Genes and genetic interactions that promote flowering are shown in blue; those that 
repress flowering are shown in red. Flowering is repressed in Arabidopsis by 
FLOWERING LOCUS C (FLC) and FLC clade genes. FLC acts to repress the expression 
of downstream floral integrator genes FD, FLOWERING LOCUS T (FT), and 
SUPPRESSOR OF CONSTANS 1 (SOC1), which serve as promoters of flowering. One of 
the floral integrator genes, FT, is induced by the photoperiod pathway through 
CONSTANS (CO); FT protein is a mobile flowering-signaling protein that partners with 
FD protein in the meristem to activate SOC1 and the floral meristem-identity genes 
SEPALATA (SEP), FRUITFUL (FUL), and APETALA (AP1). Thus, FLC and the 
photoperiod pathway act antagonistically. The floral meristem-identity genes specify the 
formation of floral meristems that will develop into flowers. The basal level of FLC 
expression is set in part by the level of repression that results from the action of 
autonomous pathway genes. In response to the exposure to the prolonged cold of winter, 
the vernalization pathway provides further FLC repression by chromatin remodeling in 
part through VIN3. It is also important to note that VIN3 also represses members of the 
FLC clade as well (modified from Kim et al., 2009). 
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The vernalization response is comprised of two distinct phases: cold perception 

and its output, acceleration of flowering. The first phase includes a cold perception 

network that acts to sense and to measure the duration of cumulative cold exposure 

during the winter. The second phase acts as an output of the cold perception system: after 

a period of sufficient cold exposure, a series of gene expression changes, ultimately 

leading to the repression of downstream floral repressors. This introduction concerns the 

two distinct phases of the vernalization response – cold perception and vernalization 

response output. 

 

1.4 Sensing prolonged cold 

Although a vernalization response may only be elicited at or near above freezing 

temperatures, optimal temperatures, and lengths of cold exposure required to efficiently 

cause a response vary among plant species (Lang, 1965). Two related yet distinct 

responses to low temperatures in plants are cold acclimation and vernalization (Figure 2). 

Plants initiate establishment of a freezing tolerance through a process known as cold 

acclimation within hours of exposure to low, non-freezing temperatures (Figure 2; 

Thomashow, 2001). However, achieving a vernalized state in plants takes a markedly 

longer time, resulting only from sufficient prolonged exposure to cold (e.g. weeks to a 

month; Figure 2). It is only prolonged cold exposure that is sufficient to indicate the 

passing of winter to plants. Short-term cold is not sufficient to elicit a vernalization 

response, imposing a higher threshold on the plant to recognize the winter season. The 

lower threshold required to elicit a cold acclimation response is critical in coping with the 
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Figure 2. The timing of the cold acclimation response, the vernalization response, and the 
induction of VERNALIZATION INSENSITIVE 3 (VIN3) in Arabidopsis thaliana during 
the exposure to cold. 
 
The response to short-term cold (i.e. cold acclimation, blue) occurs within hours to days 
of cold exposure; however, a vernalization response (yellow) requires several weeks of 
persistent cold exposure in order to be elicited. The induction of VIN3 (purple), a Plant 
HomeoDomain (PHD) protein, closely mimics the vernalization response and is only 
expressed during prolonged cold exposure; short-term cold is not sufficient to induce 
VIN3 (modified from Sung et al., 2005). 
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unpredictable fluctuations in temperature associated with the transition to the coming 

winter. Given that both responses are triggered by non-freezing cold stimulus, it is not 

unreasonable to speculate that there are common early events in sensing cold temperature 

for both cold acclimation and vernalization (Figure 3). However, the components tested 

to date that affect cold acclimation have no effect on the vernalization response (Bond et 

al., 2011). Thus, the regulatory networks governing cold acclimation and vernalization 

response may be distinct. In addition, the quantitative nature of the vernalization response 

suggests that there may be a process to measure the duration of cold exposure. 

 

1.5 Vernalization-mediated FLC gene repression 

 FLC, a MADS box gene, is largely responsible for conferring the vernalization 

requirement in Arabidopsis (Michaels and Amasino, 1999, 2001). FLC is highly 

expressed prior to cold exposure. FLC serves to directly repress downstream floral 

integrators, FT and SOC1, thus preventing floral transition (Figure 1; Helliwell et al., 

2006; Searle et al., 2006). Before prolonged cold exposure, FLC chromatin is in an active 

state, whereby active histone marks (e.g. Histone H3 Lys 4 (H3K4), Histone H3 Lys 36 

(H3K36) methylation, and Histone H3 acetylation are present (He et al., 2003; Kim et al., 

2005; Zhao et al., 2005). Furthermore, homologues of the yeast RNA polymerase II (Pol 

II) Associated Factor (PAF1) complex, a putative H3K4 methyltransferase known as 

ARABIDOPSIS TRITHORAX-RELATED 7 (ATXR7), and homologues of the human 

COMPASS and COMPASS-like H3K4 methyltransferase complex are involved in FLC 

activation before cold (He et al., 2004; Tamada et al., 2009; Jiang et al., 2011).  
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The vernalization response is comprised of two distinct phases: 
FROG�SHUFHSWLRQ�DQG�LWV�RXWSXW��DFFHOHUDWLRQ�RI�ÀRZHULQJ��7KH�¿UVW�
phase includes a cold perception network that acts to sense and 
measure the duration of cumulative cold exposure during the win-
ter. The second phase acts as an output of the cold perception sys-
tem: a series of gene expression changes occur in response to a 
VXI¿FLHQW�OHQJWK�RI�FROG�H[SRVXUH��XOWLPDWHO\�OHDGLQJ�WR�WKH�UHSUHV-
VLRQ�RI�GRZQVWUHDP�ÀRUDO�UHSUHVVRUV��7KLV�UHYLHZ�GLVFXVVHV� WZR�
distinct phases of the vernalization response – cold perception and 
vernalization response output – with a focus on chromatin changes 
at loci known to be involved in these two processes.

Sensing prolonged cold
Although a vernalization response may only be elicited at near or 
above freezing temperatures, optimal temperatures, and lengths 
RI� FROG� H[SRVXUH� UHTXLUHG� WR� HI¿FLHQWO\� FDXVH� D� UHVSRQVH� YDU\�
among plant species (Lang, 1965). Two related yet  distinct 
responses to low temperatures in plants are cold acclimation 
and vernalization (Fig. 1). Plants initiate establishment of a 
freezing tolerance through a process known as cold acclima-
tion within hours of exposure to low, non-freezing temperatures 
( Thomashow, 2001). However, achieving a vernalized state in 
SODQWV� WDNHV�D�PDUNHGO\� ORQJHU� WLPH��UHVXOWLQJ�RQO\�IURP�VXI¿-
cient  prolonged exposure to cold (e.g. weeks to a month). It is 
RQO\� SURORQJHG� FROG� H[SRVXUH� WKDW� LV� VXI¿FLHQW� WR� LQGLFDWH� WKH�
SDVVLQJ�RI�ZLQWHU� WR�SODQWV�� VKRUW�WHUP�FROG� LV�QRW�VXI¿FLHQW� WR�
elicit a vernalization response, imposing a higher threshold on 
the plant to recognize the winter season. The lower threshold 
required to elicit a cold acclimation response is critical in cop-
LQJ� ZLWK� WKH� XQSUHGLFWDEOH� ÀXFWXDWLRQV� LQ� WHPSHUDWXUH� DVVRFL-
ated with the transition to the coming winter. Given that both 
responses are triggered by non-freezing cold stimulus, it is not 
unreasonable to speculate that there are common early events 
in sensing cold temperature for both cold acclimation and ver-
nalization (Fig. 1). However, the components tested to date that 
affect cold acclimation (a short-term cold response) have no 
effect on the  vernalization response (Bond et al., 2011). Thus, 

the regulatory networks governing cold acclimation and vernal-
ization response may be distinct. In addition, the quantitative 
nature of vernalization response suggests that there may be a 
process to measure the duration of cold exposure.

To date, the most direct correlation between measurement of 
the duration of cold and the cascade of gene expression changes 
governing the vernalization response in Arabidopsis is the induc-
tion of VERNALIZATION INSENSITIVE 3 (VIN3) (Sung and 
Amasino, 2004). VIN3 is a plant homeodomain (PHD) motif 
containing protein that is part of a family consisting of four add-
LWLRQDO� PHPEHUV�� 9,1��/,.(� ��9(51$/,=$7,21� �� �9,/��
951���WKURXJK�9,/���RU�9(51$/,=$7,21��9,1��/LNH��±��
(VEL1–3) (Sung et al., 2006a; Greb et al., 2007). PHD motifs are 
mostly found in a range of proteins that are typically involved in 
FKURPDWLQ�PRGL¿FDWLRQV�DQG�VHUYH�WR�UHFRJQL]H�FHUWDLQ�PRGL¿HG�
histones (Mellor, 2006). Levels of induced VIN3 mRNA directly 
FRUUHODWH� ZLWK� WKH� YHUQDOL]DWLRQ� UHVSRQVH� �L�H�� ÀRZHULQJ� WLPH��
(Sung and Amasino, 2004). VIN3 is required for both Histone 
+��/\V����+�.���DQG�+LVWRQH�+�/\V�����+�.����PHWK\ODWLRQ�
at FLOWERING LOCUS C (FLC) chromatin, ultimately leading 
to its repression (Bastow et al., 2004; Sung and Amasino, 2004). 
FLC is a MADS box DNA-binding protein that acts as a potent 
ÀRUDO� UHSUHVVRU� LQ�Arabidopsis (Michaels and Amasino, 1999). 
Like VIN3, FLC is a member of a family of related MADS box 
SURWHLQV�� LQFOXGLQJ� ¿YH� 0$'6� $))(&7,1*� )/2:(5,1*�
(MAF) proteins – FLM (or MADS AFFECTING FLOWERING 
1, MAF1) and MAFs 2–5 – which possess 53–87% amino acid 
sequence identity among each other (Ratcliffe et al., 2001, 2003; 
Scortecci et al., 2001; De Bodt et al., 2003). MADS box proteins 
are a transcription factor family responsible for regulating many 
developmental processes in Arabidopsis as well as in animals 
(De Bodt et al., 2003). Interestingly, some members of FLC gene 
family are responsive to vernalizing cold treatment, suggesting 
their possible roles in the vernalization response (Ratcliffe et al., 
2001, 2003; Sheldon et al., 2009).

Vernalization-mediated FLC clade gene 
repression
FLC

FLC, a MADS box gene, is largely responsible for conferring the 
vernalization requirement in Arabidopsis (Michaels and  Amasino, 
1999, 2001). FLC is highly expressed prior to cold exposure. FLC 
VHUYHV�WR�GLUHFWO\�UHSUHVV�GRZQVWUHDP�ÀRUDO�LQWHJUDWRUV��FT, and 
SOC1�� WKXV�SUHYHQWLQJ�ÀRUDO� WUDQVLWLRQ� �+HOOLZHOO et al., 2006; 
Searle et al., 2006). Before prolonged cold exposure, FLC chro-
matin is in an active state, whereby active histone marks (e.g. 
KLVWRQH�+��/\V����+�.����KLVWRQH�+��/\V�����+�.����PHWK\OD-
tion, and histone H3 acetylation are present (He et al.��������.LP 
et al., 2005; Zhao et al., 2005). Furthermore, homologues of the 
yeast RNA polymerase II (Pol II) Associated Factor 1 (PAF1) 
FRPSOH[��D�SXWDWLYH�+�.��PHWK\OWUDQVIHUDVH�NQRZQ�DV�$5$%,-
DOPSIS TRITHORAX-RELATED7 (ATXR7), and homologues 
RI� WKH� KXPDQ� &203$66� DQG� &203$66�OLNH� +�.��PHWK\O-
transferase complex are involved in FLC activation before cold 
(He et al., 2004; Tamada et al., 2009; Jiang et al., 2011).

Fig. 1. Cold acclimation vs. vernalization. Cold exposure triggers 
two distinct regulatory processes: cold acclimation, a rapid 
response to short-term cold; and vernalization, a long-term 
response to prolonged cold. There may be upstream events 
(X) in cold perception common to both systems that aid in 
sensing and discriminating between short and long periods of 
cold (left). Up to date, however, there is no common regulator 
identified for both cold acclimation and vernalization (right).
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Figure 3. Comparison between cold acclimation and the vernalization response in 
Arabidopsis. 
 
Cold exposure triggers two distinct regulatory processes: cold acclimation, a rapid 
response to short-term cold; and vernalization, a long-term response to prolonged cold. 
There may be upstream events (X) in cold perception that are common to both systems, 
aiding their ability to discriminate between short and long periods of cold (left). To date, 
however, a common regulator between both cold acclimation and the vernalization 
response has yet to be identified. 
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 Vernalization results in the mitotically stable epigenetic repression of FLC 

transcription after the induction of VIN3 transcription (Sung and Amasino, 2004). VIN3, 

along with POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) – a Polycomb group 

(PcG) protein-containing complex possessing H3K27 methyltransferase activity – 

establish the enrichment of a series of repressive chromatin modifications at the FLC 

locus in response to cold (Dennis and Peacock, 2007; Kim et al., 2009). In particular, 

H3K27 methylation (H3K27me) and H3K9 methylation (H3K9me) are enriched at FLC 

during the vernalization response (Bastow et al., 2004; Sung and Amasino, 2004). VIN3-

LIKE1 (VIL1)/VERNALIZATION 5 (VRN5), a PHD-containing protein and a member 

of the VIN3 protein family, also appears to play a prominent role in regulating FLC by 

vernalization. Unlike VIN3, whose mRNA levels increase concomitantly with the length 

of cold exposure (Sung and Amasino, 2004), prolonged cold exposure appears to have 

little effect on VIL1/VRN5 mRNA levels (Sung et al., 2006a; Greb et al., 2007). 

However, it is clear that VIL1/VRN5 is required for the maintenance of vernalization-

mediated FLC repression. The ability to add both H3K9 and H3K27 methylation to FLC 

chromatin – hallmarks of the vernalized state – are largely impaired in the absence of 

VIL1/VRN5 (Greb et al., 2007; Sung et al., 2006a). Thus, both VIL1/VRN5 and VIN3 – 

two related proteins – are required for modifying the histone architecture of a MADS box 

floral repressor, FLC, in response to prolonged cold exposure in Arabidopsis. 

 The quantitative nature of FLC silencing underlying the vernalization response 

appears to be due to a small subpopulation of cells that initially change to a silenced state 

during early periods of prolonged cold exposure (Angel et al., 2011). Even more 
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prolonged cold exposure triggers the stable silencing of FLC in more cells and thus 

results in overall silencing of FLC. In this model, the quantitative nature of FLC 

repression during the course of vernalization is not due to a gradual decrease of FLC 

expression in each cell, rather it is due to the increasing fraction of cells in which FLC is 

stably silenced. Consistent with this model, a smaller fraction of cells with stable FLC 

repression is observed with suboptimal duration of cold exposure (Angel et al., 2011). 

 Concomitant with FLC repression is the enrichment of H3K27me3 at this locus, 

originating from a particular region, termed the nucleation peak, and spreading as the 

length of cold exposure increases (Angel et al., 2011). During the course of vernalization, 

an increasing number of cells also begin to repress FLC through H3K27me3 enrichment 

emanating from the nucleation region. The nucleation region corresponds to the VIN3 

enrichment region at FLC chromatin, suggesting that VIN3 enrichment marks FLC 

chromatin to be repressed. It would be interesting to determine whether the quantitative 

nature of VIN3 induction by vernalization (Sung and Amasino, 2004) is also cell 

autonomous – i.e. whether increasing numbers of cells express VIN3 with increasing 

duration of cold exposure. Both LIKE-HETEROCHROMATIN PROTEIN 1 (LHP1) – a 

component of the Arabidopsis POLYCOMB REPRESSIVE COMPLEX 1-like complex 

(Bratzel et al., 2010) – and PRC2 also increase their association with FLC chromatin in 

order to stably silence this locus by vernalization (Schubert et al., 2006; Sung et al., 

2006b; Wood et al., 2006; De Lucia et al., 2008). Although VIN3 is present only during 

the cold exposure, LHP1, PRC2, and VIL1 are constitutively expressed. Along with 
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LHP1 and PRC2, VIL1 enrichment after cold, when VIN3 disappears, is necessary to 

maintain silenced FLC chromatin (Angel et al., 2011). 

 A plethora of recent reports indicate that long noncoding RNAs (lncRNAs) play 

various roles in gene regulation in eukaryotes. LncRNA has also been shown to play an 

important role in aiding the epigenetic repression of FLC. One class of lncRNAs was 

observed to originate from the 3’ region of FLC (Liu et al., 2007; Swiezewski et al., 

2009; Hornyik et al., 2010; Liu et al., 2010). These lncRNAs are transcribed in an 

antisense direction compared to FLC transcripts. The expression of these FLC antisense 

transcripts, termed as COOLAIR, increases upon cold exposure (Swizewski et al., 2009). 

Although it is interesting that COOLAIR expression is induced by cold exposure and 

may play a role in helping to downregulate FLC transcription, it appears that these 

antisense transcripts are largely dispensable for the vernalization-mediated FLC 

repression (Helliwell et al., 2011). Instead, stable maintenance of vernalization-mediated 

FLC repression is dependent upon a long intronic noncoding RNA, COLD ASSISTED 

INTRONIC NONCODING RNA (COLDAIR) (Heo and Sung, 2011). COLDAIR is 

transcribed from the first intron of FLC during cold exposure and physically interacts 

with PRC2. When COLDAIR is knocked down, the enrichment of PRC2 at FLC 

chromatin is largely impaired, resulting in the unstable silencing of FLC (Heo and Sung, 

2011). Thus, COLDAIR is required for establishing stable FLC repression through its 

direct interaction with PRC2 during the vernalization response. 
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1.6 Vernalization and the histone code 

 The ability of a cell to establish and to maintain its acquired identity is tightly 

regulated by various factors, including the activation and repression of specific target 

genes during development (timing) and in specific tissues (location). Such as is the case 

with the shoot apex of vernalized plants, where the maintenance of stable gene expression 

patterns in particular cell types is also a form of cellular memory. During early periods in 

the development of animals, both PcG and trithorax group (trxG) proteins are part of a 

conserved regulatory network that acts to maintain genes in stably active or silenced 

states specific to cell type, thereby aiding cells in their ability to retain their respective 

identities (Gould, 1997; Orlando, 2003; Pirrota, 1997). Furthermore, in animals, PcG and 

trxG are responsible for regulating the expression patterns of many genes that are critical 

to development and that are also regulated by the cell cycle. Despite the fact that FLC is 

regulated in response to a changing environmental cue rather than by a developmental 

network, there are several striking resemblances between the repression of FLC 

expression during the vernalization response in plants and the mechanism by which PcG 

proteins repress genes in animals. First, both repression states are reset during meiosis for 

the subsequent generation. Next, both are epigenetic in nature, meaning that the changes 

persist throughout mitosis. Third, both mechanisms require Su(z)12, a repressive histone 

methyltransferase. Lastly, both act to initiate the repression of genes within euchromatic 

regions. 

 Enhancer of zeste (E(z)), a histone methyltransferase protein and member of the 

PcG complex in animals, is involved in and is also a major determinant of the cellular 
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memory mechanism (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; 

Muller et al., 2002). Histone methyltransferases are a type of enzyme that acts to 

covalently modify the amino-terminal “tails” of histones. Although histone 

methyltransferases are responsible for methylating histones, other types of enzymes are 

capable of acetylating, ubiquitinating, sumoylating, or phosphorylating precise amino 

acids present within the amino terminus of target histones. These histone-modifying 

enzymes have one of two possible effects on the target gene: they cause either a 

transcriptionally silent, heterochromatic state or a transcriptionally active, euchromatic 

state (Berger, 2002; Dutnall, 2003; Iizuka and Smith, 2003; Jenuwein and Allis, 2001; 

Schreiber and Bernstein, 2002; Turner, 2002). Histone readers, a type of chromatin-

associated protein, are capable of recognizing, binding to and “reading” modified 

histones, ultimately regulating changes from repressed to active chromatin and vice versa 

(Li et al., 2002; Wang et al., 2004). An example of histone modifications influencing 

gene expression is the repression of target genes by POLYCOMB REPRESSION 

COMPLEX 1 (PRC1) after it binds to Histone H3 Lysine 27 methylation (H3K27me), 

whiose enrichment was previously established by E(z). The range and variety of histone 

modifications at a particular locus (or loci) is referred to as the “histone code” due to the 

different gene activity states created by a variety of histone modification combinations. 

 During the vernalization response, a cascade of histone modification changes 

occurs at FLC chromatin. Coupled with the deacetylation of Histone H3 Lysine 14 

(H3K14) and Lysine 9 (H3K9) (Sung and Amasino, 2004) is dimethylation of Histone 

H3 Lysine 9 (H3K9me2) and Lysine 27 (H3K27me2) (Bastow et al., 2004; Sung and 
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Amasino, 2004). In specific knockout mutants of genes shown to be involved in the 

vernalization response, such as the vrn1 mutant, FLC repression is not maintained despite 

no change in H3K27me2, suggesting that this histone modification is not sufficient to 

maintain FLC silencing. Conversely, the establishment of H3K9me2 enrichment does not 

occur at all in vrn1, vrn2, or vin3 mutants, suggesting a critical role for H3K9me2 in 

maintaining FLC silencing (Bastow et al., 2004; Sung and Amasino, 2004). Taken 

together, it is clear that histone modifications play a central role in establishing and 

regulating the capability of plants to “remember” winter cold. 

 

1.7 The FLC gene clade 

 Although FLC plays a major role in the repression of flowering, FLC-independent 

vernalization responses also exist (Michaels and Amasino, 2001); Moon et al., 2005; 

Shonrock et al., 2006). One of the routes to achieve FLC-independent vernalization 

response is through its related genes, known as the FLC gene clade. FLOWERING 

LOCUS M (FLM)/MADS AFFECTING FLOWERING 1 (MAF1) is a transcription factor 

that shares 62% amino acid sequence identity with FLC and 82% identity to the FLC 

MADS box DNA-binding region (Ratcliffe et al., 2001); Scortecci et al., 2001). Similar 

to FLC expression before cold, FLM is expressed in areas prone to mitosis, such as root 

and shoot apices and in young leaves (Scortecci et al., 2001). As is also the case with 

FLC, FLM also plays a role in regulating the transition from vegetative to flowering state, 

acting as a floral repressor in Arabidopsis to prevent flowering before prolonged cold has 

been perceived (Ratcliffe et al., 2001; Scortecci et al., 2001). 
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 Previously, it was found that FLM repression is alleviated in vil1 mutants (Sung et 

al., 2006a). VIN3 physically interacts with VIL1 and they are involved in H3K9me3 and 

H3K27me3 enrichments at FLM chromatin by vernalization, similar to the way in which 

they are involved with changes to FLC chromatin after cold (Sung et al., 2006a). Since 

VIN3 and VIL1 biochemically co-purify with the PRC2 complex, it is probable that 

PRC2 activity is required for regulating FLM expression as well. 

 As is the case with both FLC and FLM, MAF2 through MAF5 were also 

responsive to cold treatment (Ratcliffe et al., 2003; Sheldon et al., 2009). However, there 

are variations in degree and nature of their responses. FLC, FLM, and MAF2-4 

expression was decreased by vernalization, whereas MAF5 expression is unchanged or 

slightly induced by prolonged cold (Ratcliffe et al., 2003; Sheldon et al., 2009). In 

addition, MAF2 was proposed to function to prevent precocious vernalization response, 

primarily based on earlier flowering of maf2 mutants with a suboptimal duration of cold 

exposure (Ratcliffe et al., 2003). However, maf2 mutants flower earlier prior to cold 

exposure, and thus this complicates the interpretation. Nonetheless, most FLC clade 

members, much like FLC, act as floral repressors (Ratcliffe et al., 2001; Scortecci et al., 

2001). It is interesting to note similarities with FLC, FLM, as well as both MAF1 and 

MAF3 gene regulatory mechanisms: they all appear to be enriched with H3K27me3 by 

vernalization and their repression depends on the presence of VIN3 (Sheldon et al., 2009). 

Thus, similar epigenetic phenomena observed in FLC regulation may govern the 

expression states of a majority of the members of the FLC clade. However, COLDAIR, 

which is required for the stable repression of FLC by vernalization, is dispensable for the 
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repression of FLM, MAF2, and MAF3 (Heo and Sung, 2011). Whether other classes of 

lncRNAs are involved in the regulation of FLC clade members remains to be determined. 

 

1.8 VERNALIZATION INSENSITIVE 3 (VIN3) and the vernalization response 

To date, the most direct correlation between measurement of the duration of cold 

and the cascade of gene expression changes governing the vernalization response in 

Arabidopsis is the induction of VERNALIZATION INSENSITIVE 3 (VIN3) (Figure 2; 

Sung and Amasino, 2004). VIN3 is a Plant HomeoDomain (PHD) motif-containing 

protein that is part of a family consisting of four additional members: VIN3-LIKE 

1/VERNALIZATION 5 (VIL1/VRN5) through VIL4, or VERNALIZATION5/VIN3-

Like 1-3 (VEL1-3) (Sung et al., 2006a; Greb et al., 2007). PHD motifs are mostly found 

in a range of proteins that are typically involved in chromatin modifications and serve to 

recognize certain modified histones (Mellor, 2006). Levels of induced VIN3 mRNA 

directly correlate with the vernalization response (i.e. flowering time) (Figure 2; Sung 

and Amasino, 2004). VIN3 is required for both Histone H3 Lys 9 (H3K9) and Histone H3 

Lys 27 (H3K27) methylation at FLOWERING LOCUS C (FLC) chromatin, ultimately 

leading to its repression (Bastow et al., 2004; Sung and Amasino, 2004). FLC is a MADS 

box DNA-binding protein that acts as a potent floral repressor in Arabidopsis (Michaels 

and Amasino, 1999). Like VIN3, FLC is a member of a family of related MADS box 

proteins, including five MADS AFFECTING FLOWERING (MAF) proteins – FLM (or 

MADS AFFECTING FLOWERING 1, MAF1) and MAFs 2-5 – which possess 53-87% 

amino acid sequence identity among each other (Radcliffe et al., 2001, 2003; Scortecci et 
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al., 2001; De Bodt et al., 2003). MADS box proteins are a transcription factor family 

responsible for regulating many developmental processes in Arabidopsis as well as in 

animals (De Bodt et al., 2003). Interestingly, some members of the FLC gene family are 

responsive to vernalizing cold treatment, suggesting their possible roles in the 

vernalization response (Ratcliffe et al., 2001, 2003; Sheldon et al., 2009). 

 

1.9 Vernalization-mediated changes in VIN3 chromatin architecture 

 To date, the most direct link between the measurement of cold duration and the 

output of the vernalization response is the induction of VIN3 expression, which is tightly 

linked to the duration of cold exposure and whose expression is completely abrogated 

upon return to warm temperatures (Sung and Amasino, 2004). Interestingly, chromatin-

modifying complexes found to be involved in the regulation of FLC also play roles in the 

regulation of VIN3 (Figure 3). 

 Before vernalization, both LHP1 and PRC2 are present at VIN3 chromatin (Kim 

et al., 2010; Finnegan et al., 2011). Furthermore, repressive histone modifications, 

H3K27me3 and H3K9me2, are enriched at VIN3 chromatin prior to cold exposure (Kim 

et al., 2010; Finnegan et al., 2011). Interestingly, both PRC2 and LHP1 remain 

associated with VIN3 chromatin throughout vernalizing cold exposure. Thus, induction of 

VIN3 must overcome the physical presence of these two repressive protein complexes 

during the course of vernalization (Kim et al., 2010; Finnegan et al., 2011). Although 

levels of H3K27me3, which are mediated by PRC2, are not changed at VIN3 chromatin 

during the course of vernalization, an active histone mark, Histone H3 Lys 4 
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trimethylation (H3K4me3), becomes enriched at VIN3 chromatin, creating a bivalent 

state at VIN3 chromatin (Kim et al., 2010; Finnegan et al., 2011). It is tempting to 

speculate that the constitutive association of repressive complexes may render VIN3 

chromatin poised for repression and VIN3 induction has to overcome the activity of these 

two repressive chromatin-modifying complexes. Consistent with this, hyper-induction of 

VIN3 is observed in lhp1 mutants (Kim et al., 2010). However, it is important to note that 

even in the absence of LHP1 or PRC2, VIN3 is not significantly induced unless 

vernalized (Kim et al., 2010; Finnegan et al., 2011), suggesting that cold-specific events 

must occur to trigger VIN3 induction. 

 Increases in the level of H3K4me3 enrichment at VIN3 chromatin during the cold 

exposure suggests that activating chromatin-remodeling complexes may participate in the 

induction of VIN3 by vernalization. Although the level of VIN3 induction by 

vernalization is reduced in the absence of two activating chromatin-remodeling 

complexes – POLYMERASE ASSOCIATED FACTOR 1 (PAF1) and EARLY 

FLOWERING IN SHORT DAYS (EFS) – significant VIN3 induction is still observed 

(Kim et al., 2010), again indicating the presence of cold-specific events for the induction 

of VIN3. It has also yet to be determined whether activating chromatin-remodeling 

complexes are recruited to VIN3 chromatin upon cold exposure or if the increase of 

H3K4me3 enrichment is a result of active transcription (Figure 4). To date, no cold-

specific factors have been identified that are involved in the induction of VIN3. Mutants 

that affect cold acclimation do not affect the induction of VIN3 (Bond et al., 2011), 

suggesting distinct mechanisms for two cold responses in plants. Since the most upstream 
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event so far in the vernalization response is the induction of VIN3, it will be of great 

interest to characterize cold-perception mechanisms in the vernalization response. 
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2003; Sheldon et al., 2009). However, there are variations in 
degree and nature of their responses. FLC, FLM, and MAF2–4 
expression was decreased by vernalization, whereas MAF5 is 
unchanged or slightly induced by prolonged cold (Ratcliffe et 
al., 2003; Sheldon et al., 2009). In addition, MAF2 was proposed 
to function to prevent a precocious vernalization response, based 
RQ�HDUOLHU�ÀRZHULQJ�RI�maf2 mutants with a suboptimal duration 
of cold exposure (Ratcliffe et al., 2003). However, maf2 mutants 
ÀRZHU�HDUOLHU�SULRU�WR�FROG�H[SRVXUH��DQG�WKXV�WKLV�FRPSOLFDWHV�
the interpretation. Nonetheless, most FLC clade members, like 
FLC��DFW�DV�ÀRUDO�UHSUHVVRUV��5DWFOLIIH et al., 2001; Scortecci et 
al., 2001). It is interesting to note similarities among FLC, FLM, 
as well as both MAF1 and MAF3 gene regulatory mechanisms: 
WKH\�DOO�DSSHDU�WR�EH�HQULFKHG�ZLWK�+�.��PH��E\�YHUQDOL]DWLRQ�
and their repression depends on the presence of VIN3 (Sheldon 
et al., 2009). Thus, similar epigenetic phenomena observed in 
FLC regulation may govern the expression states of a majority 
of the members of the FLC clade. However, COLDAIR, which is 
required for the stable repression of FLC by vernalization, is dis-
pensable for the repression of FLM, MAF2, and MAF3 (Heo and 
Sung, 2011). Whether other classes of lncRNAs are involved in 
the regulation of FLC clade members remains to be determined.

Vernalization-mediated changes in VIN3 
chromatin architecture
To date, the most direct link between the measurement of cold 
duration and the output of the vernalization response is the 
induction of VIN3 expression, which is tightly linked to dura-
tion of cold exposure and whose expression is completely abro-
gated upon return to warm temperatures (Sung and Amasino, 
2004). Interestingly, chromatin-modifying complexes found to 
be involved in the regulation of FLC also play roles in the regula-
tion of VIN3 (Fig. 2).

Before vernalization, both LHP1 and PRC2 are present at VIN3 
FKURPDWLQ��.LP et al., 2010; Finnegan et al., 2011). Furthermore, 

UHSUHVVLYH�KLVWRQH�PRGL¿FDWLRQV��+�.��PH��DQG�+�.�PH���DUH�
enriched at VIN3�FKURPDWLQ�SULRU�WR�FROG�H[SRVXUH��.LP et al., 
2010; Finnegan et al., 2011). Interestingly, both PRC2 and LHP1 
remain associated with VIN3 chromatin throughout vernaliz-
ing cold exposure. Thus, induction of VIN3 must overcome the 
physical presence of these two repressive protein complexes 
GXULQJ�WKH�FRXUVH�RI�YHUQDOL]DWLRQ��.LP et al., 2010; Finnegan 
et al.���������$OWKRXJK�OHYHOV�RI�+�.��PH���ZKLFK�LV�PHGLDWHG�
by PRC2, are not changed at VIN3 chromatin during the course 
of vernalization, an active histone mark, histone H3 Lys 4 tri-
PHWK\ODWLRQ��+�.�PH����EHFRPHV�HQULFKHG�DW�VIN3 chromatin, 
creating a bivalent state at VIN3� FKURPDWLQ� �.LP et al., 2010; 
Finnegan et al., 2011). It is tempting to speculate that the con-
stitutive association of repressive complexes may render VIN3 
chromatin poised for repression and VIN3 induction has to over-
come the activity of these repressive chromatin-modifying com-
plexes. Consistent with that, hyperinduction of VIN3 is observed 
in lhp1�PXWDQWV��.LP et al., 2010). However, it is important to 
note that even in the absence of LHP1 or PRC2, VIN3 is not sig-
QL¿FDQWO\�LQGXFHG�XQOHVV�YHUQDOL]HG��.LP et al., 2010; Finnegan 
et al.���������VXJJHVWLQJ�WKDW�FROG�VSHFL¿F�HYHQWV�PXVW�RFFXU�WR�
trigger VIN3 induction.
,QFUHDVHV�LQ�WKH�OHYHO�RI�+�.�PH��HQULFKPHQW�DW�VIN3 chro-

matin during the cold exposure suggests that activating chroma-
tin-remodelling complexes may participate in the induction of 
VIN3 by vernalization. Although the level of VIN3 induction by 
vernalization is reduced in the absence two activating chromatin 
UHPRGHOLQJ�FRPSOH[HV��3$)��DQG�()6��VLJQL¿FDQW�VIN3 induc-
WLRQ�LV�VWLOO�REVHUYHG��.LP et al., 2010), again indicating the pres-
HQFH�RI�FROG�VSHFL¿F�HYHQWV�IRU�WKH�LQGXFWLRQ�RI�VIN3. It has also 
yet to be determined whether activating chromatin-remodeling 
complexes are recruited to VIN3 chromatin upon cold exposure 
RU�LI� WKH�LQFUHDVH�RI�+�.�PH��HQULFKPHQW�LV�D�UHVXOW�RI�DFWLYH�
WUDQVFULSWLRQ��)LJ������7R�GDWH��QR�FROG�VSHFL¿F�IDFWRUV�KDYH�EHHQ�
LGHQWL¿HG� WKDW� DUH� LQYROYHG� LQ� WKH� LQGXFWLRQ� RI�VIN3. Mutants 
that affect cold acclimation do not affect the induction of VIN3 
(Bond et al., 2011), suggesting distinct mechanisms for two cold 
responses in plants. Since the most upstream event so far in the 
vernalization response is the induction of VIN3, it will be of great 
interest to characterize cold-perception mechanisms in vernali-
zation response.

Perspectives
The vernalization pathway is comprised of two steps: per-
ception of an environmental stimulus (prolonged cold) and 
the subsequent response output, characterized by a cascade 
of chromatin changes. In Arabidopsis�� D� ZLQWHU�DQQXDO� ÀRZ-
ering species, output of cold perception results in epigenetic 
FKDQJHV�LQ�ÀRUDO�UHSUHVVRUV��*LYHQ�WKH�VLPLODULW\�RI�YHUQDOL]D-
WLRQ� SK\VLRORJ\� DFURVV� ZLQWHU�DQQXDO�ELHQQLDO� ÀRZHULQJ� VSH-
cies (i.e. stable maintenance of the effect of vernalization), it 
would not be surprising to observe similar epigenetic mecha-
QLVPV�WR�JRYHUQ�YHUQDOL]DWLRQ�UHVSRQVH��,Q�SHUHQQLDO�ÀRZHULQJ�
VSHFLHV��ZKHUH�ÀRZHULQJ�PXVW� RFFXU� VHYHUDO� WLPHV� RYHU� WKHLU�
lifetime, however, the effect of vernalization is not permanent. 
An FLC orthologue, PEP1�� IURP�D�SHUHQQLDO�ÀRZHULQJ�SODQW��

Fig. 2. The VIN3-FLC clade regulatory network involves repressive 
and active chromatin remodelling complexes. Repression of 
several members of the FLC clade by VIN3 during the vernalization 
response occurs in a cold-specific manner. VIN3, together with 
PRC2, establishes stable repression of FLC. Repression of VIN3 
by PRC2 and LHP1 is constitutive regardless of vernalizing cold 
stimulus. Cold-specific events are indicated in blue. Whether 
activation of VIN3 by EFS and PAF1 is cold specific remains to be 
determined.
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Figure 4. The VIN3-FLC clade regulatory network involves repressive and active 
chromatin remodeling complexes. 
 
Repression of several members of the FLC clade by VIN3 during the vernalization 
response occurs in a cold-specific manner. VIN3, together with PRC2, establishes stable 
repression of FLC. Repression of VIN3 by PRC2 and LHP1 is constitutive regardless of 
vernalizing cold stimulus. Cold-specific events are indicated in blue. Whether activation 
of VIN3 by EFS and PAF1 is cold specific is one of the primary focuses of this 
dissertation. 
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Chapter 2. Vernalization-Mediated VIN3 Induction Overcomes the 
LIKE-HETEROCHROMATIN  1/POLYCOMB REPRESSION 

COMPLEX 2-Mediated Epigenetic Repression 

2.1 Introduction 

 
The transition from vegetative growth to reproductive growth is one of the major 

developmental transitions in the life cycle of plants. Flowering plants have evolved to 

maximize their reproductive success by optimizing the timing of flowering. The onset of 

floral transition in flowering plants is affected by various environmental cues, including 

changing daylength and temperature. Plants use such environmental cues in order to 

monitor seasonal changes and to determine the proper timing of flowering. In temperate 

climates, the winter season imposes a prolonged period of cold to plants. In many plant 

species, exposure to prolonged period of cold provides competence to flower in the 

following spring through a process known as vernalization (Sung and Amasino, 2005; 

Dennis and Peacock, 2007). 

While most lab strains of Arabidopis (Arabidopsis thaliana) do not require 

vernalizing treatment to flower rapidly, many naturally occurring accessions of 

Arabidopsis flower very late unless vernalized (Clarke and Dean, 1994; Lee and 

Amasino, 1995; Michaels and Amasino, 1999; Gazzani et al., 2003). In Arabidopsis, the 

requirement for vernalization is conferred by two dominant genes: FRIGIDA (FRI) and 

FLC (Lee et al., 1993; Clarke and Dean, 1994; Michaels and Amasino, 1999; Sheldon et 

al., 1999; Johanson et al., 2000). FLC encodes a MADS box DNA binding protein that 

functions as a repressor of the floral integrators, FT and SOC1 (Figure 1, Michaels and 



 24 

Amasino, 1999; Sheldon et al., 1999; Lee et al., 2000; Samach et al., 2000; Hepworth et 

al., 2002; Helliwell et al., 2006; Searle et al., 2006). FLC antagonizes the effect of CO by 

directly binding to regulatory regions within FT and SOC1. It appears that FRI 

contributes to the vernalization requirement solely by activating FLC. FRI encodes a 

protein with unknown biochemical function (Johanson et al., 2000). Vernalization results 

in the stable repression of FLC (Michaels and Amasino, 1999; Bastow et al., 2004; Sung 

and Amasino, 2004) so that floral integrators can be activated when the photoperiod 

pathway activates CO (Figure 1; Parcy, 2005). Thus, vernalization renders plants to be 

competent to flower upon exposure to inductive photoperiods in winter annuals and 

biennials. 

Other than FRI, another group of genes involved in FLC activation have been 

identified from screens for early flowering in certain genotypes or photoperiod 

conditions. They include EARLY FLOWERING 5 (ELF5), ELF7, ELF8, 

VERNALIZATION INDEPENDENCE 3 (VIP3), VIP4, EARLY FLOWERING IN SHORT 

DAYS 4 (ESD4), EFS, PHOTOPERIOD INDEPENDENT EARLY 1 (PIE1), and 

ARABIDOPSIS HOMOLOG OF TRITHORAX 1 (ATX1)/ATX2/ARABIDOPSIS 

TRITHORAX-RELATED 7 (ATXR7; Reeves et al., 2002; Zhang and van Nocker, 2002; 

Noh and Amasino, 2003; He et al., 2004; Noh et al., 2004; Oh et al., 2004; He and 

Amasino, 2005; Kim et al., 2005; Zhao et al., 2005; Choi et al., 2007; Saleh et al., 2008; 

Tamada et al., 2009). Some of these genes encode proteins with chromatin modification 

functions, including components of the RNA Polymerase II-associated factor 1 (PAF1) 

complex (VIP3, VIP4, ELF7, and ELF8), a histone H3 Lys 36 methyltransferase (EFS), a 
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histone H3 Lys 4 methyltransferase (ATX1, ATX2, and ATXR7), and a SWR1-related 

nucleosome remodeling factor (PIE1). 

Mitotically stable repression of FLC by vernalization is also achieved by 

chromatin modifications (Michaels and Amasino, 1999; Bastow et al., 2004; Sung and 

Amasino, 2004). FLC mRNA expression is repressed during the course of cold exposure, 

and several repressive histone marks accumulate at FLC chromatin, including H3K9 and 

H3K27 methylation. The accumulation of histone modifications at FLC chromatin 

depends on the activity of chromatin remodeling complexes. During the course of cold 

exposure, PRC2, which has H3K27 methyltransferase activity, is enriched at FLC 

chromatin (Wood et al., 2006; De Lucia et al., 2008) and establishes the stable repression 

of FLC through H3K27 methylation. PRC2 biochemically copurifies with members of 

the VERNALIZATION INSENSITIVE 3 (VIN3) family of proteins, including VIN3, 

VIN3-LIKE1 (VIL1)/VERNALIZATION 5 (VRN5), and VIL2/VERNALIZATION-

LIKE1 (VEL1; Wood et al., 2006; De Lucia et al., 2008).  

The vernalization response involves two phases. The first is a cold perception that 

measures the cumulative time of exposure to cold. Vernalization requires cold exposure 

over the course of weeks rather than minutes or hours. The second phase is essentially the 

output of the cold perception. When a sufficient duration of cold has been perceived, a 

series of changes of gene expression ensue, ultimately leading to the epigenetic 

repression of FLC. VIN3, which is a repressive chromatin-remodeling component, is 

induced only after a sufficient duration of cold has been perceived. One of the early 

molecular events in the vernalization response is the induction of VIN3 by prolonged cold 
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exposure. Upstream of VIN3, there must be a biochemical mechanism to sense prolonged 

cold. However, to date, nothing is known about the upstream event. The induction of 

VIN3 by cold is unique in that its induction takes several days of cold, unlike many cold-

induced genes, which are induced within hours of cold exposure (Thomashow, 2001). 

Furthermore, VIN3 mRNA expression is quickly re-repressed once plants are moved to 

warm temperature. 

Interestingly, the induction of VIN3 also involves changes in active histone marks 

at VIN3 chormatin, including histone H3 acetylation, histone H3 acetylation, and histone 

H3 Lys 4 trimethylation (H3K4me3; Finnegan et al., 2005; Bond et al., 2009). However, 

no chromatin remodeling complexes have been identified to have roles in those changes 

at VIN3 chromatin. 

Here, we show that VIN3 is in a constitutively silenced state, which is mediated 

by the presence of a transposable element (TE)-derived sequenced in its promoter region 

and by the components of repressive complexes, including PRC2 and LHP1. In addition, 

the full extent of VIN3 induction by vernalization requires components of activating 

complexes, including PAF1 and EFS. Thus, VIN3 expression is under the influence of 

chromatin level regulators. Furthermore, VIN3 chromatin is in a transiently bivalent state 

when VIN3 mRNA is induced, having both a repressive histone mark and an active 

histone mark at VIN3 chromatin. Our results show that VIN3 is under a constitutively 

repressed state, which is transiently relieved from repression only when sufficient cold is 

provided. 
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2.2 Materials and Methods 

2.2.1 Plant materials and growth conditions 

 The Arabidopsis (Arabidopsis thaliana) Columbia-0 (Col-0) and Landsberg 

erecta (Ler) were used as the wild type in this study. clf-29 (Salk_021003), lhp1-4 

(referred also as tfl2-2), clf-29;swn-2, rdr2-1, rdr6-14, nrpd1a-4, nrpd1b-11, drm1;drm2, 

met1-7 (Salk_076522), kyp-2 (Ler background), elf7-2, and efs-3 were used in this study. 

Standard growth conditions were 22°C under illumination with white fluorescent light. 

The photoperiodic cycle was 16 hours light/8 hours dark (long day) or 8 hours light/16 

hours dark (short day). For vernalization treatments, seeds were surface sterilized, placed 

on agar-solidified germination medium, and grown for 7 days in a 22°C growth chamber 

and transferred to 4°C for 40 days under short day photoperiods. 

 

2.2.2 RNA extraction and quantitative real-time PCR analysis 

 Seven-day-old seedling plants were harvested for RNA extraction. Total RNA 

was extracted using the Qiagen Plant RNeasy Mini kit. Before reverse transcription, total 

RNA was treated for 30 minutes at 37°C with RNase-free DNase I (Invitrogen) to 

eliminate contaminated genomic DNA, and then total RNA (2 to 3µg) was used for 

cDNA synthesis using M-MLV reverse transcriptase (Promega). Quantitative real-time 

PCR reaction was done using SYBR green dye reaction mixture (Applied Biosystems) 

according to the manufacturer’s instructions. Real-time PCR reaction was performed on 

7900HT Fast Real-Time PCR system (Applied Biosystems). PCR primers used for 

quantitative real-time PCR analysis are listed in Figure 5. The relative expression level of 

each gene was normalized using PP2A as described previously (Czechowski et al., 2005). 
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2.2.3 Chromatin Immunoprecipitation (ChIP) Assay 

 ChIP experiments were performed as previously reported (Johnson et al., 2002) 

with some modifications. Seven-day-old seedling plants were used for ChIP analysis. To 

elute DNA from immunoprecipitated complexes, the QIAquick PCR purification kit 

(Qiagen) was used. Antibodies recognizing H3K9me2 (Abcam catalog number AB1220), 

H3K27me3 (Abcam catalog number AB6002), H3K4me3 (Abcam catalog number 

AB8580), and RNA Pol II (Abcam catalog number AB817) were purchased and used for 

ChIP assay at a concentration of 10µg per reaction. All ChIP assays were done at least 

three times with at least two separate biological replicates and similar results were 

produced. The quantitative real-time PCR reaction was performed using SYBR green dye 

reaction mixture (Applied Biosystems) according to the manufacturer’s instructions. 

Real-time PCR reaction was performed on a 7900HT Fast Real-Time PCR system. For 

primer sequences used in ChIP assay, refer to Table 1. 

  
Gene Forward Sequence Reverse Sequence 

VIN3-P1 GAAGGCCAACGATACAATATTAGAACCTTTC CCAACTGAATAATTAGAGTGTTTGGAGTTAG 

VIN3-P2 CCGTCTTCATGGGCAAACTAAAATTGTTAA GTGAAAGTTTACTAGAGGGGATAACGC 

VIN3-P3 ACAAAAAAAAAATGCAAGCTGCTTCG GAGGATGACTCAGTCTTAAGAACAAAC 

VIN3-P4 TTGAATGTAAGTGAAAGGAGAGAATTGATCC ATGAGCTTTGGTTTGTTAAGACCAGTG 

VIN3-P5 TTGTTTTGTCGAAAGTCGAAGGACG CTCAGACTCATCTAAGTCACCTTCCT 

VIL1-ChIP TGAAGTTGGACCTCTTGATGGACCT CTGCACGCAGCTGGAACTAAATCTC 

AG-ChIP GTGAAACAAATTTTCCTGAGAATGTCACT AGTTTTTGAGGCACTAAAATCTTTGGGTAAATC 

UBQ-ChIP GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT 

FUS3-ChIP AGTGGCAAGTGTTGATCATGGGTTTGG GAAGGTTAAAGGAAGAAGAAGATCGTCTCTG 

Ta3-ChIP GATTCTTACTGTAAAGAACATGGCATTGAGAGA TCCAAATTTCCTGAGGTGCTTGTAACC 

VIN3-RT AGAAGCTGTGTTCTCAGGCAATGG TCTTCGTCCTTCGACTTTCGACAAA 

VIL1_RT TGAAGTTGGACCTCTTGATGGACCT CTGCACGCAGCTGGAACTAAATCTC 

VIL2-RT AGTCCAACAACGATTACATTGTCCC GTACAATGTCTGAGTCGGTTGTCC 

VIL3-RT TTTGCTGCGCTGAGAAAGTCAAG CGATACACCATGCGGTAATGATTGG 

PP2A-RT TATCGGATGACGATTCTTCGTGCAG GCTTGGTCGACTATCGGAATGAGAG 

Table 1. Sequences of primers used in cloning, ChIP assay, or quantitative real-time (RT) 
PCR analysis. 
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2.3 Results 
 
2.3.1 A transposable element (TE) is present in the VIN3 promoter region, and H3K9 di-
methylation (H3K9me2) is enriched at VIN3 chromatin prior to vernalization 
  

We surveyed possible regulatory sequences in 5’ upstream regions of the VIN3 

gene sequence. Interestingly, we located a MuDR-type transposable element-derived 

sequence at ~185 to ~765bp from the transcription start site (Figure 6A). The presence of 

a transposable element-derived sequence at the VIN3 promoter region has been assigned 

as AT5TE83600 (www.arabidopsis.org). The sequence showed 55% and 53% nucleotide 

sequence identities with transposable elements, AT3G29634 and AT4G28495, 

respectively (Figure 5). The presence of a transposable element-derived sequence raised 

the possibility that the VIN3 upstream region contains a heterochromatin island by the 

insertion of a transposable element. It is not unprecedented that an insertion of a 

transposable element could create local heterochromatin. In fact, some allelic variants of 

FLC are due to insertions of transposable elements in its first intron (Michaels et al., 

2004; Liu et al., 2004). In the case of FLC, two different classes of transposable elements 

create silenced FLC alleles due to extensive Histone H3 Lys 9 dimethylation (H3K9me2) 

that originated from the transposable element and spread throughout the entire FLC 

genomic region (Michaels et al., 2003; Liu et al., 2004). Similarly, we observed a 

localized enrichment of H3K9me2 around the transposable element into the VIN3 

genomic region in a nonvernalized condition (Figure 6B). This suggests that VIN3 

chromatin is in a repressed state prior to the exposure to cold. Previous genomic studies 

to identify H3K9me2-enriched regions using genomic tiling arrays did not identify the 
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Figure 5. Nucleotide multiple alignment of the transposable element-derived sequences at 
the VIN3 promoter region with other transposable elements. *Figure created by Dr. 
Donghwan Kim. 
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Figure 6. H3K9me2 enrichment at VIN3 chromatin. 
 
A. Schematic diagram showing the gene structure of VIN3. The solid boxes indicate 
coding regions, and the open boxes indicate untranslated regions (UTRs). The gray box 
indicates the transposable element (TE)-derived sequence. Solid bars (P1 to P5) indicate 
regions for primer pairs used for ChIP assays. B. Quantitative real-time PCR following 
ChIP to quantify the relative enrichment of H3K9me2. UBQ10, Ta3, and VIL1 regions 
were used to compare the levels of H3K9me2 enrichments. Primer sequence information 
used for ChIP assay is shown in Table 1. *Experiment performed by Dr. Donghwan Kim. 
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VIN3 promoter region as an H3K9me2-enriched region (Rehrauer et al., 2010; Zhou et 

al., 2010). It is possible that the level of enrichment at the VIN3 promoter is relatively 

lower than other regions and localized around the transposable element (Figure 6B). 

 

2.3.2 VIN3 is de-repressed in lhp1 and clf;swn double mutants 

 The presence of a transposon-derived sequence at the VIN3 promoter region 

promoted us to test a series of mutants that are involved in gene silencing for their effects 

on VIN3 expression. We tested a series of Arabidopsis mutants involved in (1) DNA 

methylation, met1-7 and drm1;drm2; (2) RNA interference production, rdr2-1, rdr6-14, 

dcl3-1, nrpd1a-4, and nrpd1b-11; and (3) Histone methylation, kyp-2 and lhp1-4. Among 

the tested mutants, we observed a significantly elevated level of VIN3 mRNA expression 

prior to cold exposure in lhp1 mutants (Figure 7A). 

 VIN3 exists as a small gene family including VIL1/VRN5, VIL2/VEL1, and 

VIL3/VEL2. Some members of the gene family also show vernalization-mediated 

regulation at the transcriptional level (Sung et al., 2006b; Greb et al., 2007). A survey of 

promoter regions of other members of the family revealed no other members harbor a 

transposable element in their promoter regions, which the exception of VIL3, which has a 

Helitron-related transposable element 2kb upstream of the transcription start site (Figure 

7B). Furthermore, only VIN3 exhibits de-repressed expression without the vernalization 

treatment in lhp1 mutants (Figure 7C). Taken together, the regulation by the insertion of a 

transposable element and by LHP1 is specific to VIN3 among the gene family. 
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Figure 7. Involvement of LHP1 and PRC2 in the repression of VIN3 gene in a 
nonvernalized condition. 
 
A. Real-time reverse transcription (RT)-PCR analysis on VIN3 expression between wild 
types (Col-0 and Ler) and a series of mutants. B. Schematic diagram showing the 
structures of VIN3 family genes (VIN3, VIL1/VRN5, VIL2/VEL1, and VIL3/VEL2). The 
solid boxes indicate the coding regions, and the open boxes indicate UTRs. C. Real-time 
(RT)-PCR analysis on the VIN3 family genes between the wild type (WT; FRI-Col) and 
lhp1-4 mutants in NV condition. D. Real-time (RT)-PCR analysis on VIN3 expression in 
the wild type (Col-0), clf-29, and clf-29/swn-2 mutants in NV condition. C and D. 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). Primer sequence information used for 
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real-time (RT)-PCR analysis is shown in Table 1. *Experiment performed by Dr. 
Donghwan Kim. 
 LHP1 shows a functional overlap with PRC2 in Arabidopsis (Hennig and 

Derkacheva, 2009). CURLY LEAF (CLF) and SWINGER (SWN) are two Arabidopsis 

homologs of E(z), which is a core component of PRC2. To address the functional overlap 

of PRC2 with LHP1 in the regulation of VIN3, we obtained clf;swn double mutants. 

Indeed, clf;swn double mutants do have an elevated level of VIN3 mRNA before cold 

exposure similar to lhp1 (Figure 7D). clf single mutant alone does not cause the de-

repression of VIN3, suggesting a functional redundancy between CLF and SWN with 

respect to VIN3 regulation. Similar to the de-repression of VIN3 in lhp1 mutants, mutants 

in clf;swn only affect VIN3 and not other members of the VIN3 gene family (Figure 7D). 

 

2.3.3 LHP1 and CLF directly associate with VIN3 chromatin but do not disassociate 

from VIN3 chromatin when VIN3 is induced by vernalization 

 Because lesions in LHP1 or CLF/SWN result in the de-repression of VIN3 in a 

nonvernalized condition, we addressed whether LHP1 and CLF/SWN directly regulate 

VIN3 expression through physical interaction with VIN3 chromatin using chromatin 

immunoprecipitation (ChIP) assays. Using GFP-tagged LHP1 and GFP-tagged CLF 

transgenic lines, both of which fully rescue lhp1 and clf mutants, respectively (Schubert 

et al., 2006; Sung et al., 2006a), we observed strong enrichment of LHP1 and CLF at 

VIN3 chromatin by ChIP (Figure 8, B and C). The associations of LHP1 and CLF with 

VIN3 chromatin appear to be robust throughout the course of vernalization (Figure 8, B 

and C). To confirm the constitutive associations of LHP1 and CLF with VIN3 chromatin, 
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Figure 8. ChIP assay using LHP1:GFP and GFP:CLF transgenic plants. A. Schematic 
diagram showing the gene structure of VIN3. 
 
Solid boxes indicate coding regions, and open boxes indicate UTRs. Gray box indicates 
the transposable element (TE)-derived sequence. Solid bars (P1 to P5) indicate regions 
for primer pairs used for ChIP assays. B. ChIP assay using LHP1:GFP transgenic line. C. 
ChIP assay using GFP:CLF transgenic line. AGAMOUS (AG) and UBQ10 were used as 
controls. As an input control, the pre-immunoprecipitated DNA after sonication was used 
(B and C). D. ChIP assay using LHP1:GFP transgenic lines followed by real-time 
quantitative PCR. E. ChIP assay using GFP:CLF transgenic line followed by real-time 
quantitative PCR. For quantification, the relative enrichments compared to input were 
calculated, and relative enrichments were shown compared to those of the control, AG (D 
and E). IP, Immunoprecipitation: NV, nonvernalized; 40V and 40VT0, 40 days of 
vernalization; 40VT10, 40 days of vernalization followed by 10 days of normal growth 
temperature; WT, wild type. *Experiment performed by Dr. Donghwan Kim. 
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we compared the relative enrichments of LHP1 and CLF at VIN3 chromatin during the 

course of vernalization followed by real-time quantitative PCR (Figure 8, D and E).  

 Using GFP-tagged LHP1 and GFP-tagged CLF transgenic lines, both of which 

fully rescue lhp1 and clf mutants, respectively (Schubert et al., 2006; Sung et al., 2006a), 

we observed strong enrichment of LHP1 and CLF at VIN3 chromatin by ChIP (Figure 8, 

B and C). The associations of LHP1 and CLF with VIN3 chromatin appear to be robust 

throughout the course of vernalization (Figure 8, B and C). To confirm the constitutive 

associations of LHP1 and CLF with VIN3 chromatin, we compared the relative 

enrichments of LHP1 and CLF at VIN3 chromatin during the course of vernalization 

followed by real-time quantitative PCR (Figure 8, D and E). We did not detect significant 

difference in the enrichments of LHP1 and CLF at VIN3 chromatin even when VIN3 is 

highly expressed during prolonged cold exposure (Figure 8, D and E). This shows that 

LHP1 and CLF are constitutively present at VIN3 chromatin regardless of the expression 

state of VIN3. 

 

2.3.4 VIN3 expression is induced faster by cold in lhp1 mutants 

 The constitutive association of LHP1 with VIN3 chromatin during the course of 

vernalization suggests that the cold-induced expression of VIN3 must overcome the 

repressive activity of LHP1. Although VIN3 is de-repressed in lhp1 mutants prior to cold 

exposure, the vernalization treatment still significantly up-regulates VIN3 to levels 

comparable to those of the wild type (Figure 9A). In addition, de-repressed levels of 

VIN3 in lhp1 or clf;swn double mutants do not fully recapitulate the levels of vernalized- 
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Figure 9. Real-time PCR analysis of VIN3 expression between the wild type (FRI-Col) 
and lhp1-4 (in FRI-Col) mutants during the course of vernalization. 
 
A. Nonvernalized (NV); 40V, 40 days of vernalization; 40VT10, 40 days of vernlaization 
followed by 10 days of normal growth temperatures. WT, wild type. B. Shorter periods of 
cold exposure. 1V, 1 day of cold; 3V, 3 days of cold; 5V, 5 days of cold; 10V, 10 days of 
cold; 20V, 20 days of cold. Relative fold change was determined by normalization with 
the levels of PP2A gene as previously reported (Czechowski et al., 2005). Primer 
sequence information used for real-time PCR analysis is shown in Table 1. *Experiment 
performed by Dr. Donghwan Kim. 
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induced VIN3 expression (Figures 7, C and D, and 8A). Thus, the level of VIN3 induction 

by vernalization cannot be achieved solely by the removal of LHP1 or CLF/SWN. 

 To address the contribution of LHP1 in the kinetics of VIN3 induction, we 

examined the level of VIN3 mRNA expression during the course of vernalization, 

including shorter periods of cold treatment in lhp1 mutants (Figure 9B). Interestingly, 

VIN3 is induced by shorter period of cold exposure in the absence of LHP1 (Figure 9B). 

With 5 to 10 days of cold exposure, VIN3 is significantly induced in lhp1 mutants, while 

no significant induction of VIN3 is observed in the wild type (Figure 9B). This suggests 

that the slow kinetics of VIN3 induction in the wild type is at least in part due to the 

repression by LHP1. 

 

2.3.5 Histone modification landscapes change at VIN3 chromatin during the course of 

vernalization 

 The presence of a transposable element at the promoter region of VIN3 and the 

involvement of LHP1 and CLF/SWN in the repression of VIN3 led us to examine 

chromatin modifications at VIN3 chromatin during the course of vernalization (Figure 

10). Histone H3 Lys 27 trimethylation (H3K27me3) is often correlated with gene 

repression and is mediated by the PCR2 complex. Interestingly, we did not observe any 

significant change in the level of H3K27me3 at VIN3 chromatin during the course of 

vernalization (Figure 10B). This result is consistent with the constitutive association of 

CLF, which is an H3K27 methyltransferase, with VIN3 chromatin. On the other hand, an 
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Figure 10. ChIP assays using anti-H3K27me3, H3K9me2, Pol II, and H3K4me3 antibody 
during the course of vernalization. 
 
A. Schematic diagram showing the gene structure of VIN3. Solid boxes indicate the 
coding regions, and open boxes indicate UTRs. Gray box indicates the transposable 
element (TE)-derived sequence. Solid bars (P1 to P5) indicate regions for primer pairs 
used for ChIP assays. B. ChIP assays followed by real-time quantitative PCR using the 
anti-H3K27me3 antibody during the course of vernalization. For quantification, the 
relative enrichments compared to input were calculated, and the relative enrichments are 
shown compared to those of the control, FUS3. A FUS3 region was used as a positive 
control as previously reported (Makarevish et al., 2006). NV, Nonvernalized. C. ChIP 
assay followed by real-time quantitative PCR using the anti-H3K4me3 antibody during 
the course of vernalization. For quantification, the relative enrichments compared to input 
were calculated, and the relative enrichments are shown compared to those of the control, 
UBQ10. D. ChIP assay followed by real-time quantitative PCR using the anti-Pol II 
antibody (8WG16) during the course of vernalization. The Pol II antibody (8WG16) 
detects both phosphorylated and non-phosphorylated forms of RNA Pol II. For 
quantification, the relative enrichments compared to input were calculated, and the 
relative enrichments are shown compared to those of the control, UBQ10. E. ChIP assay 
followed by real-time quantitative PCR using the anti-H3K9me2 antibody during the 
course of vernalization. For quantification, the relative enrichments compared to input 
were calculated, and the relative enrichments are shown compared to those of the control, 
Ta3. Primer sequence information used for ChIP assay is shown in Figure 4. NV, 
nonvernalized; 40V, 40 days of vernalization; 40VT10, 40 days of vernalization followed 
by 10 days of normal growth temperature. *Experiment performed by Dr. Donghwan 
Kim. 
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active mark, H3K4me3, is enriched when VIN3 is highly expressed during cold exposure 

(Figure 10C). 

 Consistent with the active transcription of VIN3, RNA polymerase II (Pol II) 

enrichment at VIN3 chromatin increases during the cold exposure (Figure 10D). Thus, 

during prolonged cold exposure, VIN3 chromatin contains both a repressive histone mark 

and an active histone mark, creating a bivalent state. We observed that H3K9me2 is 

enriched around VIN3 coding regions that originated from a transposable element prior to 

cold exposure (Figure 6B). To evaluate the dynamics of H3K9me2 enrichment at VIN3 

chromatin by vernalization, we examined the relative enrichment of H3K9me2 during the 

course of vernalization. Interestingly, the level of enrichment of H3K9me2 is transiently 

reduced when VIN3 is highly expressed during prolonged cold exposure (Figure 10E), 

suggesting that the induction of VIN3 expression by vernalization overcomes the effect of 

a transposable element at its promoter region. 

 

2.3.6 Activating components are involved in the induction of VIN3 by vernalization 

 It is interesting to note that common repressive components (i.e. LHP1 and 

CLF/SWN) are involved in the repressions of both VIN3 and its target, FLC (Figure 11). 

Furthermore, the contributions of PRC2 components, CLF and SWN, to the repressed 

state of VIN3 suggest that other FLC regulators may also be involved in the regulation of 

VIN3 (Figure 11). Particularly, increased enrichment of H3K4me3 at VIN3 chromatin 

during cold exposure indicates that the H3K4me3-mediated activating complexes are also 

involved in the regulation of VIN3 (Figure 11). 
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Although H3K27me3 and H3K9me2 
are constantly enriched at VIN3 chroma-
tin during the course of vernalization, 
an activation mark, H3K4me3 becomes 
enriched when VIN3 is induced under 
the cold exposure, creating a bivalent 
state characterized by both repressive and 
active histone marks concomitantly. Such 
bivalent chromatin states are typical of 
genes that are prepared to be activated 
or repressed, thus providing elasticity 
for gene expression in undifferentiated 
cells.16,17 It is considerable that this biva-
lent state of repressive marks and active 
marks of VIN3 chromatin could con-
tribute to a rapid re-repression of VIN3 
when plants return to warm growth 
temperature.

Common Machineries for Histone 
0RGLÀFDWLRQV�RI�*HQHV�,QYROYHG�

in Arabidopsis Flowering

The direct association of PRC2 and 
LHP1 with VIN3 chromatin suggests 
these common regulators play roles in 
the repression of both VIN3 and its tar-
get, FLC. Furthermore, PRC2 and LHP1 
are also required for the repression of 
FLOWERING LOCUS T (FT ), a target of 
FLC.18-20 In addition, common activators, 
including PAF1 and EFS, are also neces-
sary for the full extent of both VIN3 and 
FLC. Thus, the VIN3-FLC-FT regulatory 
network to control flowering by vernaliza-
tion has common regulatory components 
as well as specific regulatory mechanisms 
to shift the status of genes regulated by 
these common regulators (Fig. 1). One 
example is vernalization-mediated repres-
sion of FLC. Prolonged cold exposure 
induces VIN3 expression, which over-
comes repressive activity of PRC2-LHP1 
on VIN3 locus. After induction, VIN3 
is apparently required for the repression 
of FLC by PRC2. VIN3 biochemically 
co-purifies with PRC2, suggesting that 
the formation of VIN3-PRC2 complex 
enhances the repressive activity of PRC2 
on FLC. Therefore, the induced nature of 
VIN3 by vernalization shifts the activity 
of the VIN3-FLC-FT network towards 
the repression of FLC and the activation 
of FT, which results in promotion of floral 
transition (Fig. 1).

of LHP1 and components of PRC2 prior 
to the cold exposure, suggesting that 
common components are necessary for 
the repression of both VIN3 and its tar-
get, FLC. Both LHP1 and PRC2 increase 
their associations with FLC chromatin 
to repress FLC during the course of ver-
nalization.9-13 On the other hand, LHP1 
and PRC2 are constantly associated with 
VIN3 chromatin during the course of ver-
nalization; LHP1 and PRC2 are enriched 
at VIN3 chromatin before vernalization 
and remain associated even when VIN3 
is induced during vernalization. Thus, 
VIN3 induction overcomes the repressive 
effects of LHP1 and PRC2.

Screens for rapidly flowering mutants 
in Arabidopsis revealed ELF7 and ELF8, 
two homologs of the yeast PAF1 com-
plex, which are required for high FLC 
expression and Histone H3 Lys 4 tri-
methylation (H3K4me3) enrichment 
at FLC chromatin.14,15 Induced levels of 
VIN3 by vernalization are significantly 
lower in elf7 and efs mutants compared to 
the wild-type, implicating their function 
in VIN3 activation. Concomitant with 
ELF7 involvement in VIN3 induction, 
H3K4me3 is enriched during vernalizing 
cold treatment, when VIN3 is induced. 
Thus, activating complex components 
(e.g., PAF1 and Trithorax-like proteins) 
are likely required for the full extent of 
VIN3 induction by vernalization.

months) has occurred, indicative of the 
passing of winter. Notably, the molecular 
components tested to date that affect cold 
acclimation (a short-term cold response) 
have no effect on vernalization, suggest-
ing that the cold perception system dur-
ing vernalization response represents a 
distinct regulatory process specifically 
responsible for long-term cold sensing.

Regulation of VIN3�DW�WKH�/HYHO� 
of Chromatin

As of yet, the most direct link between 
measurement of the duration of cold and 
the output of vernalization response is 
the induction of VIN3 expression, which 
is tightly linked to prolonged cold expo-
sure and whose expression is completely 
abrogated upon return to warm tem-
peratures.7 VIN3 encodes a PHD (plant 
homeodomain) protein, a motif routinely 
found in a variety of proteins involved 
in modifying chromatin.8 After induc-
tion, VIN3 expression initiates a series 
of repressive histone modifications such 
as methylations at Histone H3 Lys 9 
(H3K9) and Histone H3 Lys 27 on FLC, 
a potent floral repressor.2,3 FLC repression 
by vernalization requires components of 
Ploycomb Repression Complex 2 (PRC2) 
and LIKE-HETEROCHROMATIN 
PROTEIN 1 (LHP1).9-12 Interestingly, 
VIN3 is also de-repressed in the absence 

Figure 1. Common regulatory networks to control the VIN3-FLC-FT pathway to control !owering 
time by vernalization. Common repression and activation complexes are likely involved in regula-
tions of VIN3, FLC and FT. Bivalent chromatin status at VIN3 chromatin is achieved by vernalizing 
cold, resulting in transient induction of VIN3.

 

Figure 11. Common regulatory networks control the VIN3-FLC-FT pathways to control 
flowering time by vernalization. 
 
Common repression and activation complexes are likely involved in the repressions of 
VIN3, FLC, and FT. Bivalent chromatin status at VIN3 chromatin is achieved by 
vernalizing cold, resulting in the transient induction of VIN3 expression (modified from 
Kim et al., 2010). *Figure created by Dr. Donghwan Kim. 
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 To test the involvement of such activating components, we examined the 

expression pattern of VIN3 in elf7 mutants. ELF7 encodes a homolog of PAF1, which 

commonly associates with Trithorax-mediated gene activation. Interestingly, the induced 

levels of VIN3 by vernalization are significantly lower in elf7 mutants than in the wild 

type (Figure 12A). Similar reduction in the induced level of VIN3 expression is observed 

in efs mutants (Figure 12B), another mutation in activating components for FLC. 

However, it should be noted that VIN3 is still induced by 40 days of vernalizing cold 

treatment in both elf7 and efs mutants (Figure 12, A and B). Thus, activating components 

that are required for FLC expression are also necessary to achieve the full extent of VIN3 

induction by vernalization, in which VIN3 expression must overcome the repressive 

effects of LHP1 and the PRC2 complex. 

 

2.4 Discussion 

 We identified multiple factors that contribute to the repressed state of VIN3 prior 

to cold exposure. We observed de-repression of VIN3 in the absence of components of 

PRC2 – CLF and SWN – and LHP1. In addition, a transposable element at the VIN3 

promoter region appears to contribute to the repressed state of VIN3 prior to cold. 

Interestingly, there is no significant change in the level of H3K27me3, a repressive 

chromatin mark, on VIN3 chromatin, even when VIN3 is highly expressed (Figure 10B). 

This suggests that the induction of VIN3 can overcome the effect of H3K27me3, a 

representative repressive histone mark. On the other hand, an active histone mark, 
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Figure 12. ELF7 and EFS are required to achieve maximal VIN3 induction by 
vernalization. 
 
A. Real-time PCR analysis on VIN3 expression in the wild type (WT; Col-0) and elf7-2 
mutants in nonvernalized (NV) and 40 days of vernalization (40VT0) conditions. B. 
Real-time PCR analysis on VIN3 expression in the wild type, elf7-2, and efs-3 mutants 
during vernalization. Relative fold change was determined by normalization with the 
levels of PP2A as previously reported (Czechowski et al., 2005). *Experiment performed 
by Dr. Donghwan Kim. 
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H3K4me3, is highly enriched at the 5’ end of VIN3 chromatin during the cold exposure 

(Figure 10C). Thus, when VIN3 is induced during prolonged cold exposure, VIN3 

chromatin appears to become a bivalent domain (Bernstein et al., 2006), containing a 

repressive mark, H3K27me3, and an active mark, H3K4me3. The bivalent domains are 

proposed to be characteristic of genes that are silent but poised to be activated or vice 

versa and thus provide flexibility of gene expression in undifferentiated cells (Azuara et 

al., 2006; Bernstein et al., 2006). Here we observed a bivalent domain that is transiently 

activated by an environmental cue, winter cold. 

 PRC2 and LHP1 are constitutively associated with VIN3 chromatin regardless of 

the expression state of VIN3. However, the lack of repressive components (CLF/SWN or 

LHP1) cannot fully recapitulate the induced level of VIN3 expression without 

vernalization. It is possible that the induction of VIN3 expression by cold is due to the 

combined contributions of both de-repression of transposons and the removal of LHP1-

PRC2 from VIN3 chromatin by cold. However, examination of the LHP1 enrichment at 

VIN3 chromatin indicates that LHP1 enrichment at VIN3 chromatin is static throughout 

the course of vernalization (Figure 8, B and C). Accordingly, a similar finding was 

observed for CLF enrichment at VIN3 chromatin (Figure 8, C and E). This is consistent 

with the lack of changes at the level of enrichment of H3K27me3 at VIN3 chromatin 

during the course of vernalization (Figure 10B). 

 The de-repression of VIN3 in lhp1 mutants does show ectopic induction by cold. 

This suggests that the slow VIN3 induction kinetics by vernalization is due, in part, to 

LHP1-mediated repression. Furthermore, activating chromatin-remodeling complexes are 



 45 

also necessary for the full extent of VIN3 induction by vernalization (Figure 12, A and 

B). Thus, during the earlier cold exposure, activating complexes (e.g. PAF1 and EFS) 

need to overcome the repressive effect by LHP1 and PRC2. This may explain, at least in 

part, the slow kinetics of VIN3 induction by cold. However, it is worth noting that the full 

extent of VIN3 induction in lhp1 mutants still requires more than 20 days of cold. In 

addition, the re-repression of VIN3 after the exposure to vernalizing cold still occurs in 

the absence of LHP1 (Figure 9B). 

 Activating complex components (e.g. PAF1 and EFS) are required for the full 

extent of VIN3 induction by vernalization (Figure 12, A and B). PAF1 often functionally 

associates with Trithorax-like components for FLC activation before cold exposure 

(Tamada et al., 2009). Furthermore, the enrichment of H3K4me3 at VIN3 chromatin is 

transiently increased when VIN3 is induced. Thus, it is likely that Trithorax-like proteins 

are also involved in the vernalization-mediated induction of VIN3 expression (Figures 11 

and 13). Although activating complex components are necessary for the full extent of 

VIN3 induction by vernalization, the induction of VIN3 by vernalization still occurs in the 

absence of either PAF1 or EFS. Thus, it is probable that there are unidentified cold-

induced activators of cold-repressed repressors involved in the induction of VIN3 by 

vernalization, which could be enhanced by activating complex components (Figure 13).  

 In conclusion, PRC2-LHP1 and the transposable element affect the repressed state 

of VIN3 prior to cold and the effects of PRC2-LHP1 and that of the transposable 
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Figure 13. Schematic model on the regulation at VIN3 chromatin during vernalization. 
 
In a NV condition, LHP1 and CLF-containing PRC2 complexes are necessary for the 
repressed state of VIN3. H3K9me2 and H3K27me3 are enriched at VIN3 chromatin prior 
to vernalization. When plants are exposed to a prolonged cold (e.g. winter), unknown 
upstream components (X) induce VIN3, although LHP2 and PRC2 complexes are still 
enriched at VIN3 chromatin. The induction of VIN3 causes the decrease in the enrichment 
of H3K9me2 and an increase in the enrichment of HK4me3 at the transcription start site 
of VIN3. The increased enrichment of H3K4me3 is, in part, due to the activity of 
activating complexes (e.g. PAF1, EFS, and Trithorax-like proteins). Once plants return to 
warm growth temperatures, H3K4me3 decreases and H3K9me2 increases again at VIN3 
chromatin in the absence of an unknown trigger, X. *Figure created by Dr. Donghwan 
Kim. 
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element need to be overcome by unknown factors (X) along with the activity of 

activating chromatin remodeling complexes (Figure 13). 
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Chapter 3. Forward Genetic Screening to Uncover Cold-Specific 
Regulators of VIN3 Induction 

 

3.1 Introduction  

 Vernalization can be defined as, “the acquisition or acceleration of the ability to 

flower by a chilling treatment” (Chouard, 1960). In order to maximize floral reproductive 

capability, plants in temperate climates have evolved a vernalization requirement to 

prevent flowering before the winter season and to ensure flowering in the spring. The 

response to vernalization provides plants with the competence to flower, rather than to 

induce flowering itself, through changes that remain stable even after cold exposure. This 

process is an epigenetic switch, whereby molecular changes remain stable throughout 

subsequent mitotic divisions despite the absence of initiating stimulus, cold exposure 

(Kim et al., 2009; Dennis and Peacock, 2007; Wu and Morris, 2001). The vernalization 

response can be thought of as being comprised of two phases. The first phase is a cold 

perception system that measures the cumulative time of exposure to cold. The second 

phase is essentially the output of the cold perception mechanism: when a sufficient 

duration of cold has been perceived, a series of changes of gene expression ensue, 

ultimately leading to the epigenetic repression of FLC. 

 Although a vernalization response may only be elicited at near or above freezing 

temperatures, the exact temperatures and length of cold exposure required to efficiently 

prompt a response varies among plant species (Lang, 1965). Since cold perception by 

plants involves the measurement of the length of cold exposure, it is the duration of cold 
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that creates two distinct responses – cold acclimation and vernalization (Figure 2). 

Entering a state of cold acclimation requires a short period of time, typically within hours 

of low and non-freezing temperatures (Figure 2; Thomashow, 2001). The low threshold 

required to elicit a cold acclimation response is quite critical in dealing with fluctuation 

temperatures. Conversely, achieving a vernalized state in plants occurs only after a 

sufficient and prolonged exposure to cold (e.g. weeks to months) has occurred (Figure 2), 

indicative of the passing of winter. Notably, the molecular components tested to date that 

affect cold acclimation (a short-term cold response) have no effect on vernalization, 

suggesting that the cold perception system during vernalization response represents a 

distinct regulatory process specifically responsible for long-term cold sensing.  

 As of yet, the most direct link between measurement of the duration of cold and 

the output of vernalization response is the induction of VIN3 expression, which is tightly 

linked to prolonged cold exposure (Figure 2) and whose expression is completely 

abrogated upon return to warm temperatures (Sung and Amasino, 2004). VIN3 encodes a 

PHD protein, a motif routinely found in a variety of proteins involved in modifying 

chromatin (Figure 15; Mellor, 2006). After induction, VIN3 expression initiates a series 

of repressive histone modifications such as methylations at Histone H3 Lys 9 (H3K9) and 

Histone H3 Lys 27 (H3K27) on FLC, a potent floral repressor (Kim et al., 2009; Dennis 

and Peacock, 2007). FLC repression by vernalization requires components of 

POLYCOMB REPRESSION COMPLEX 2 (PRC2) and LIKE-HETEROCHROMATIN 

PROTEIN 1 (LHP1) (De Lucia et al., 2008; Wood et al., 2006; Sung et al., 2006; Mylne 

et al., 2006). Interestingly, VIN3 is also de-repressed in the absence of LHP1 and 
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Figure 14. Protein structure of VERNALIZATION INSENSITIVE 3 (VIN3). 
 
VIN3 is constructed of 3 main domains: a Plant HomeoDomain (PHD) finger motif 
(blue), a Fibronectin Type III (FNIII) domain (orange), and a C-terminal VIN3-
Interacting Domain (VID; yellow). PHD finger motifs are typically 50-80 amino acids in 
length and are commonly found in proteins involved in chromatin-mediated gene 
regulation in both plants and animals, such as Polycomb (PcG) proteins and Trithorax 
(trxG) proteins. Though the folding arrangements of these motifs is typically highly 
conserved among species, looping regions tend to vary among domains and may 
contribute to the plethora of unique functions exhibited by various PHD-containing 
proteins. FNIII-domains are commonly found in animals (less so in plants) and contain 
binding sites for DNA as well as other various molecules. VID-motifs are highly 
conserved in plants and, specifically, among the VIN3 family proteins. This motif allows 
inter-familial protein:protein interactions among members of the VIN3 family, which 
includes VIN3, VIL1, VIL2, and VIL3.  
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components of PRC2 prior to cold exposure, suggesting that common components are 

necessary for the repression of both VIN3 and its target, FLC (Figure 11). Both LHP1 and 

PRC2 increase their associations with FLC chromatin to repress FLC during the course of 

vernalization (De Lucia et al., 2008; Wood et al., 2006; Sung et al., 2006; Mylne et al., 

2006; Schubert et al., 2006). On the other hand, LHP1 and PRC2 are constitutively 

associated with VIN3 chromatin during the course of vernalization – they are enriched at 

VIN3 chromatin prior to vernalization and remain associated even when VIN3 expression 

is induced during the prolonged cold exposure (Kim et al., 2010). Thus, VIN3 induction 

overcomes the repressive effects of LHP1 and PRC2. 

 Screens for rapidly flowering mutants in Arabidopsis thaliana revealed ELF7 and 

ELF8, two homologs of the yeast PAF1 complex, which are required for high FLC 

expression before vernalization and Histone H3 Lys 4 trimethylation (H3K4me3) 

enrichment at FLC chromatin (Oh et al., 2004; He et al., 2004). Induced levels of VIN3 

by vernalization are significantly lower in both elf7 and elf8 mutants compared to the 

wild type, implicating they both may function in VIN3 activation. Concomitant with 

ELF7 involvement in VIN3 induction, H3K4me3 is enriched during vernalizing cold 

treatment when VIN3 is induced by cold.  Thus, activating complex components (e.g. 

PAF1 and Trithorax-like, trxG, proteins) are likely required to achieve the full extent of 

VIN3 induction by vernalization (Figure 13). 

 Although both H3K27me3 and H3K9me3 are constantly enriched at VIN3 

chromatin during the course of vernalization, an activation mark, H3K4me3, becomes 

enriched when VIN3 is induced by prolonged cold exposure, creating a bivalent state 
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characterized by the presence of both repressive and active histone marks at the same 

time. Such bivalent chromatin states are typical of genes that are poised to be either 

activated or repressed, thus providing elasticity for gene expression in undifferentiated 

cells (Azuara et al., 2006; Bernstein et al., 2006). 

 The direct association of PRC2 and LHP1 with VIN3 chromatin suggests these 

common regulators play roles in the repression of both VIN3 and its target, FLC (Figure 

11). Furthermore, PRC2 and LHP1 are also required for the repression of FLOWERING 

LOCUS T (FT), a target of FLC (Figure 1; Kotake et al., 2003; Turck et al., 2007; Jiang 

et al., 2008). In addition, common activators such as PAF1 and EFS are also necessary 

for the full extent of both VIN3 and FLC activation. Thus, the VIN3-FLC-FT regulatory 

network to control flowering in response to vernalization has both common regulatory 

components in addition to specific regulatory mechanisms to shift the expression status of 

target genes (Figure 11). One example of this is the vernalization-mediated repression of 

FLC. Prolonged cold exposure induces VIN3 expression, which overcomes the repressive 

activity of PRC2-LHP1. After induction, VIN3 is apparently required for the repression of 

FLC by PRC2. VIN3 biochemically co-purifies with PRC2, suggesting that the formation 

of the VIN3-PRC2 complex enhances the repressive activity of PRC2 on FLC. Therefore, 

the induced nature of VIN3 by vernalization shifts the activity of the VIN3-FLC-FT 

network towards the repression of FLC and the activation of FT, which results in the 

promotion of floral transition (Figure 11). 

 VIN3 induction by vernalization still occurs in the absence of either PAF1 or EFS 

and de-repression of VIN3 in the absence of the repressive PRC2-LHP1 complex is not 
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sufficient for achieve the maximal level of VIN3 induction (Kim et al., 2010). Thus, there 

must be unknown cold-induced activators and/or cold-repressed repressors responsible 

for maximal VIN3 induction during vernalization (Figure 13). Together, these unknown 

factors along with PAF1 and EFS are likely responsible for achieving the full extent of 

VIN3 induction during prolonged cold exposure, which overcomes repression by PRC2 

and LHP1. Since VIN3 is required for the vernalization response, it is conceivable that we 

would recover mutants that affect induction of VIN3 from vernalization mutant screens. 

To date, however, no mutant that affects vernalization response impairs VIN3 induction 

by vernalization. Although it is possible that the lack of such mutants is simply a matter 

of lack of saturating mutagenesis, it is also possible that involvement of common 

regulators in the VIN3-FLC-FT network impedes the recovery of such mutants based on 

flowering time. Thus, the efforts to study the regulation of VIN3 induction may need to 

focus on the expression patterns of VIN3 during cold itself.  

 

3.2 Materials and Methods 
 

3.2.1 Plant materials and growth conditions 

 The Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (Col-0) was used as 

the wild type in this study. SAIL_1055_B06, a mutant with a transgenic DNA (T-DNA) 

insertion in gene AT5G38070, was also used in this study. Standard growth conditions 

were 22°C under illumination with white fluorescent light. The photoperiodic cycle was 

16 hours light /8 hours dark (long day) or 8 hours light/16 hours dark (short day). For 
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vernalization treatments, seeds were surface sterilized, placed on agar-solidified 

germination medium, and grown under short day conditions (8 hours light/16 hours dark) 

for 7 days at 22°C in a growth chamber and transferred to 4°C for 40 days under short 

day photoperiods.  

 

3.2.2 Creating pVIN3-Luc+ transgenic plants 

 A fragment of the VIN3 gene promoter and 1st exon was obtained by PCR. This 

fragment, containing engineered restriction enzyme sites for BamH1 and HindIII, was 

inserted into a binary vector, pPZP211, which contained a subcloned artificial copy of the 

firefly Luciferase coding sequence (Millar et al., 1992). Arabidopsis thaliana plants 

(ecotype Col-0) were initially transformed with the exogenous pVIN3-Luc+ construct via 

Agrobacterium tumefaciens infection of inflorescences (Valvekens et al., 1988). One 

stable line in particular, which will be referred to as the parental line, exhibited 

kanamycin resistance (50µg/mL) and showed wild type expression patterns of VIN3 (via 

Luc+ expression) before cold and after 10 days cold exposure. This line was chosen for 

subsequent experiments since it appeared to be homozygous based upon the 

aforementioned selection criteria. The bulk of the seeds were transformed with 

Agrobacterium tumefaciens and empty pSKI015, an activation-tagging vector (Weigel et 

al., 2000). Plants were re-transformed two weeks later and grown to maturity in the 

greenhouse. The resultant seeds were selected using BASTA (100µg/mL) and 

subsequently used for mutant screening. 
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3.2.3 Luciferase (Luc+) expression assay 

 Seedlings for luminescence imaging were grown on agar plates. The medium was 

made with Murashige and Skoog salt mixture (Sigma-Aldrich, M7082), 8% agar (Fischer 

Scientific, BP1423), and 25% sucrose (Fischer Scientific, M12681). After autoclaving, 

the medium was poured into sterile disposable petri dishes (150mm x 15mm, Falcon). 

The 100mM stock solution was prepared by dissolving D-luciferin (Gold Bio 

Technology, LUCK-100) in sterile water, and stored in 100µL aliquots at -80°C. The 

stock solution should be stable under these conditions for at least two years. The 1mM D-

luciferin working solution was made by diluting one aliquot (100µL) of the stock solution 

into 9.8mL of sterile water and adding 0.2% of filter-sterilized Triton X-100, or 200µL of 

a 20% stock solution (Fischer Scientific, M15802). This solution can be stored at 4°C in 

the dark by wrapping the spray bottle with aluminum foil and should last for at least two 

weeks under these conditions. Luminescence imaging was performed as described 

(Xiong et al., 1999) using a Berthold NightOwl CCD system. All tested seedlings were 

sprayed three times with the D-luciferin working solution (1mM) from approximately the 

exact same distance to ensure consistent experimental conditions for all tested mutants. 

Images were obtained instantaneously after spraying using the CCD system and analyzed 

using either Berthold WinLight 32 or indiGo imaging software. Images were taken in 

both brightfield and luminescence phases. 
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3.2.4 BASTA selection in soil 

 First, mutant seeds were imbimbed in15mL tubes (Falcon) and placed at 4°C for 

two days. After, seeds were sprinkled onto wet soil (MetroMix-200) prepared with 

distilled water to minimize the potential for contamination. To prepare BASTA for 

selection, 120mg/mL BASTA (Finale, 77182-82-2) was diluted 1:1000 in water and 

500µL of Silwet L-77 (Lehle Seeds, VIS-02) was added per liter. The diluted solution 

was stored at 4°C. Ten days later, seedlings were sprayed directly with the prepared 

BASTA solution. After initial treatment, seedlings were sprayed again with BASTA as 

previously indicated to ensure selection two, five, and seven days later. BASTA-resistant 

mutant seeds were harvested between 3-4 months after selection. 

 

3.2.5 RNA extraction and quantitative real-time PCR analysis 

 Seedlings were imbibed on plates wrapped in aluminum foil at 4°C for two days 

before being transferred to a short day growth chamber kept at 22°C for seven days, 

where plates were exposed to 8 hours light/16 hours dark per day. The medium was made 

with Murashige and Skoog salt mixture (Sigma-Aldrich, M7082), 8% agar (Fischer 

Scientific, BP1423), and 25% sucrose (Fischer Scientific, M12681). After autoclaving, 

the medium was poured into sterile disposable petri dishes (150mm x 15mm, Falcon). 

Seven-day-old seedling plants were harvested for RNA extraction. Total RNA was 

extracted using the Qiagen Plant RNeasy Mini kit. Before reverse transcription, total 

RNA was treated for 30 minutes at 37°C with RNase-free DNase I (Invitrogen, 18068-

015) to eliminate contaminated genomic DNA, and then total RNA (2 to 3µg) was used 
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for cDNA synthesis using M-MLV reverse transcriptase (Promega, 1012892). 

Quantitative real-time PCR reaction was performed using SYBR green dye reaction 

mixture (Applied Biosystems) according to the manufacturer’s instructions. Real-time 

PCR reaction was performed on 7900HT Fast Real-Time PCR system (Applied 

Biosystems). The relative expression level of each gene was normalized using PP2A as 

described previously (Czechowski et al., 2005). The primers used for real-time (RT) PCR 

are listed in Table 2. 

 
Gene Forward Sequence Reverse Sequence 

VIN3-RT AGAAGCTGTGTTCTCAGGCAATGG TCTTCGTCCTTCGACTTTCGACAAA 
Luc+-RT GCGTTTCGATGGTAATGTGGGTCC GTAAGTGATGTCCACCTCGATATGTGC 
FLC-RT GCCAAGAAGACCGAACTCATGTTGA CAACCGCCGATTTAAGGTGGCTA 

PP2A-RT TATCGGATGACGATTCTTCGTGCAG GCTTGGTCGACTATCGGAATGAGAG 
AT2G29430 CAGCACGCAACGCCG GCGAGTTGCACCTGATTCG 
AT2G29440 CTATTCACAAGAAGATCCCTGTTC CTGCTCAATCAGAACTTCTCTTCC 
AT2G29450 GGGCGAGCCCTTTTAGC GGATCTTGAGGGAGAATTGGA 
AT2G29452 TGAAGAACCACGATAAAGTGATGG TGAAGAACCACGATAAAGTGATGG 
AT2G29460 GGAAGAACAATCCAATTCTTCCTC GGAAGAACAATCCAATTCTTCCTC 
AT5G38050 GATGGCGAAAATTTCCGATTGGAG GATGCGGAAGGTTAATGTCAATGTC 
AT5G38060 CTCAATAACCCACGCGCTTGTAG GCAACAACTAACGGAAACTTGAGAAG 
AT5G38070 CACATCATAATTGCGTCCAGAGATG CATCCCCCCAGGTTAGGAAATAAGG 
AT5G38080 TGAATCTCCTAGCCTTCTCCGTG CCGAATAGAGGAGGTGGACGA 
AT5G38090 ATGACATTGCGATGAACAGCTC GGTACTGGTAGCTATGTACCATAGC 

Table 2. Sequences of primers used for VIN3 screening quantitative real-time (RT) PCR 
analysis.  
 
 

3.2.6 Thermal asymmetric interlaced (TAIL) PCR analysis 

A TAIL PCR protocol (Liu et al., 1995) was developed in Arabidopsis to amplify 

sequences flanking T-DNA insertion sites and was later modified to optimize the 

recovery of pSKI015 insertions (Dr. Sibum Sung, 2010). This protocol requires two 

successive amplification reactions using nested primers complementary to known 
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sequences and random degenerate (AD) primers that hybridize to adjacent sequences in 

order to successfully amplify Arabidopsis genomic regions flanking known T-DNA 

sequences (Rus et al., 2001; Koiwa et al., 2002; Zhu et al., 2002). Primers specific to left 

border sequences present within pSKI015 were used in tandem with various 

combinations of the random degenerate (AD) primers in order to isolate and to amplify 

genomic DNA:pSKI015 DNA junctions. The AD primers were used at a working 

concentration of 50µM and T-DNA-specific (JL) primers were used at a working stock 

concentration of 10µM. The sequences of both the degenerate (AD) primers and the 

pSKI015-specific (JL) primers are indicated in Figure. Between 1-2µg of genomic DNA 

(diluted 1:20) was used as template for the primary PCR reaction. Hot Start Ex-Taq 

(TaKaRa, RR006A) was used in order to minimize the possibility of non-specific 

amplification due to either mispriming or to the formation of primer dimmers during 

preparation of the PCR mixture. In order to increase the likelihood of retrieving 

pSKI015-specific sequences, JL202 (used for the primary reaction) and JL214 (used for 

the secondary reaction) were used with three different combinations of AD primers: 

AD7/17, AD1/2/3/6, and AD4/5. A third round of PCR was not performed since it has 

been previously shown that an additional round does not increase the efficiency of the 

method (Sessions et al., 2002). A schematic diagram of the process is shown in Figure. 

PCR products could be either purified from a 1% agarose gel (Sigma-Aldrich, BP160) 

before sequencing or sequenced directly after cleanup using a Qiagen PCR Purification 

kit after the secondary reaction using the appropriate T-DNA-specific primer. 
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3.2.7 Plasmid rescue analysis 

 A protocol designed to recover exogenous plasmid insertions (Behringer and 

Medford, 1992) was modified in order to optimize the rescue of pSKI015 left border 

sequences from a population of Arabidopsis screening mutants (Brett R. Zografos, 2012). 

1-2µg of purified genomic DNA (using a Qiagen DNeasy Mini Spin kit) was digested 

separately with 10U of KpnI (NEB, R0142S), EcoRI (NEB, R0101S), and BamH1 (NEB, 

R0136S), respectively, and incubated at 37°C for two hours. After precipitating the DNA 

at -20°C for an hour, the pellet was washed and 8U of T4 DNA ligase (NEB, M0202L) 

was added to the digested DNA and incubated at 14°C overnight. Electroporation of 

competent E. coli was performed as described in Behringer and Medford. After 

inoculating for one hour at 37°C with rapid shaking, cells were plated onto plates 

containing LB agar containing 50µg/mL carbenicillin. Genomic DNA from colonies was 

purified using a Qiagen Plasmid Mini Prep kit and submitted for sequencing analysis 

using both M13F (GTAAAACGACGGCCAGT) and M13R 

(GTCCTTTGTCGATACTG) primers, respectively, regardless of the restriction enzyme 

used for digestion. 

 

 

3.2.8 Linkage analysis 

 Co-segregation of the mutant VIN3 induction phenotypes with the identified T-

DNA insertions was determined both by BASTA-resistance segregation and genotyping 
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PCR following Luc+ expression analysis (via luminescence imaging). T3 mutant progeny 

were determined to be homozygous for the VIN3 induction phenotype based upon Luc+ 

screening (via luminescence imaging) and BASTA selection (100µg/mL) of each 

preceding generation. Homozygous T3 mutant lines exhibited 100% BASTA resistance as 

well as unified Luc+ expression amongst all tested seedlings. Selected T3 mutants were 

backcrossed to the parental line in order to create a population in which the T-DNA 

responsible for the mutant VIN3 induction phenotype would co-segregate.  At least 50 of 

the resultant F2 seedlings were examined for both Luc+ expression as well as BASTA 

resistance as previously indicated. All tested seedlings were subsequently transplanted in 

soil and a crude extraction method was performed on young rosette leaves in order to 

isolate genomic DNA after several weeks’ growth. The samples were genotyped using 

primers designed to detect the presence of exogenous pSKI015 insertions located during 

TAIL PCR. Genotyping primer sequences used are as follows: evi1F  

GTGTTGGTGGTTGATCGGTTATC, evi1R CAACAAATCAAGCTTGTGGGGC, 

dvi1F GAAGATTTACGGAGTTGTAAAAGC, and dvi1R 

GGCAGAGAGAGTGAGATCTTC. To detect pSKI015 insertions, a T-DNA specific 

left border primer (JL200) was used with evi1R and dvi1R in order to amplify detected 

genomic:pSKI015 DNA junctions. 

 

3.2.9 Whole-genome sequencing 

 F3 evi1 and dvi1 seedlings homozygous for both mutant Luc+ expression and for 

BASTA resistance (100% resistant seedlings) were used for whole genome sequencing. 
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T3 homozygous seedlings were not used for sequencing since it was apparent after TAIL 

PCR and plasmid rescue analysis that there were multiple pSKI015 insertions present 

within both evi1 and dvi1, respectively. Thus, F3 seeds were used since they were derived 

from backcrosses to the parental line that, presumably, should have removed some of the 

non-specific T-DNA insertions that were not responsible for the observed mutant VIN3 

molecular phenotypes. Genomic DNA was purified using a Qiagen DNeasy Mini Spin 

kit, the concentration was determined, and 1-2µg DNA was submitted for sequencing 

using an Illumina HiSeq sequencer. Samples were sequenced with a total of 18 million 

reads at 2 x 100bp per read. Sequencing results were analyzed and pSKI015 insertions 

were mapped against an Arabidopsis reference genome using both BWA and IGV 

software, respectively, generously provided by the Genome Sequencing and Analysis 

Facility at The University of Texas at Austin. 

 

3.2.10 Flowering time analysis 

 Seedlings were imbibed on plates wrapped in aluminum foil at 4°C for two days 

before being transferred to a short day growth chamber kept at 22°C for seven days, 

where plates were exposed to 8 hours light/16 hours dark per day. The medium was made 

with Murashige and Skoog salt mixture (Sigma-Aldrich, M7082), 8% agar (Fischer 

Scientific, BP1423), and 25% sucrose (Fischer Scientific, M12681). After autoclaving, 

the medium was poured into sterile disposable petri dishes (150mm x 15mm, Falcon). 

Seedlings were then transplanted before cold exposure in order to mimic the 
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nonvernalized, NV, condition. Some seedlings were also transferred to a 4°C refrigerator 

(complete with light cycle set at 8 hours light/16 hours dark per day) to undergo 

vernalization. Plates were exposed to 10 days (10V), 20 days (20V), 30 days (30V), and 

40 days vernalizing (40V) cold treatment. Additionally, plates were put back to the 22°C 

short day growth chamber for 10 days after 40V.  Eight seedlings of each line for each 

time point were transplanted to ensure both reproducibility and accuracy of the flowering 

time data. All rosette leaves were counted and averaged amongst replicates in order to 

determine the total rosette leaf number. 

 

3.3 Results 

3.3.1 Creation and Luc+ screening of T-DNA tagged populations 

 In order to uncover upstream regulators of VIN3 induction, we needed to create a 

population of T-DNA tagged genetic mutants. To this end, a construct containing the 

coding sequence of the firefly Luciferase gene under the control of a 563bp artificial copy 

of the VIN3 promoter (in addition to part of the 1st exon) was subcloned into the pPZP211 

vector as previously described. Before creating the T-DNA tagged mutant populations, it 

was important to establish a stable transgenic (parental) line harboring the pVIN3-Luc+ 

construct (since Luc+ expression would be used to identify potential mutants with 

abnormal endogenous VIN3 expression patterns). To ensure that the behavior of the  
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Figure 15. Stable pVIN3-Luc+ transgene behavior in the parental line before and after 
cold. 
 
Before cold, basal low levels of Luc+ were detected in the parental line indicating that 
VIN3 expression may not be completely repressed before vernalization. Since VIN3 
expression is detectable before vernalization, it also suggests that a particular threshold of 
cold must be sensed in order to achieve maximal VIN3 induction. After ten days of cold, 
various levels of Luc+ expression were observed, likely indicating both that ten days is 
not sufficient to saturate VIN3 induction and that, much like FLC repression, VIN3 
expression may also be quantitative. 
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pVIN3-Luc+ transgene was both stable and wild type in nature, a total of 19 independent 

lines were tested over several generations for homozygosity on the basis of both 

kanamycin resistance (100%) and Luc+ expression as previously indicated (data not 

shown). The selected stable parental line showed a marked increase in Luc+ expression 

after 10 days cold exposure in comparison to the nonvernalized sample (Figure 15). 

However, it was interesting to see that even without cold exposure, low basal levels of 

Luc+ expression could be detected, indicating that VIN3 expression is not completely 

silenced prior to vernalization (Figure 15), perhaps keeping the gene poised for 

activation. This result also suggests that there may be a certain threshold of cold (e.g. 40 

days of cold) that needs to be perceived in order for VIN3 expression to be induced and, 

thus, a vernalization response elicited). After 10 days cold exposure, individual seedlings 

possessed varying levels of Luc+ expression (Figure 15) suggesting that VIN3 induction 

may also be quantitative in nature much like FLC repression in Arabidopsis (Angel et al., 

2011). 

 In order to generate T-DNA tagged mutant populations to be used for genetic 

screening, the parental line was subsequently used for transformation with 

Agrobacterium containing an empty copy of the pSKI015 activation-tagging vector as 

previously (Figure 16). In order to ensure that the behavior of the transgene was stable 

before and after prolonged cold, a complete vernalization time course was performed via 

luminescence imaging as previously described. As expected, the parental line behaved 

much like the wild type with respect to VIN3 expression – VIN3 induction levels  
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Figure 16. A diagram depicting the forward genetic screening approach used to create the 
T-DNA mutant populations. 
 
After selecting and screening the pVIN3-Luc+ stable parental line, it was transformed 
using Agrobacterium tumefaciens containing empty pSKI015 activation-tagging vector, 
thus creating the tagged T-DNA mutant populations. 
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Figure 17. Forward genetic screening reveals two distinct VIN3 molecular phenotypes. 
 
A. Schematic diagram depicting the behavior of the stable parental line throughout the 
course of vernalization. As the length of cold exposure increases, VIN3 expression 
increases concomitantly. The levels of VIN3 induction vary amongst seedlings exposed to 
the same length of cold exposure, indicating that VIN3 induction may be quantitative in 
nature. Furthermore, seedlings exhibited varied levels of VIN3 expression after 40 days of 
vernalization, suggesting that even longer periods of cold exposure may be required to 
saturate VIN3 induction. B. After screening through T2 seeds, two classes of mutants 
were observed: ectopic VIN3 induction (evi) mutants showed VIN3 expression before 
cold and defects in VIN3 induction (dvi) mutants had not yet induced VIN3 after 10 days 
cold exposure. *Experiment performed by Dr. Donghwan Kim. 
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increased proportionally with the length of cold exposure (Figure 17A). VIN3 expression 

levels differed amongst seedlings from the parental line that had experienced the same 

duration of cold exposure, corroborating the findings observed previously (Figures 15 

and 17A). Interestingly, seedlings displayed varying levels of VIN3 expression even after 

40 days of vernalization, suggesting that it may take even longer periods of cold exposure 

in order to reach the maximum level of VIN3 induction (Figure 17A). 

 After transformation of the stable parental line with empty pSKI015, the resultant 

T1 seedlings were selected with BASTA as previously indicated and the subsequent T2 

seeds (typically 100 per pot) were harvested (data not shown). Next, approximately 

81,600 T2 seedlings were screened via luminescence imaging for abnormal VIN3 

expression patterns both before cold and after 10 days cold (Figure 17B). From this 

screening, two distinct molecular phenotypes were observed: mutants that expressed 

VIN3 before cold exposure (evi, ectopic VIN3 induction mutants; Figure 17B) and 

mutants that did not induce VIN3 after cold exposure (dvi, defects in VIN3 induction 

mutants; Figure 17B). As previously observed in the parental line, seedlings on the same 

plate tended to express (or not express) VIN3 at various levels – VIN3 induction levels 

were not uniform (Figure 17B). At this stage of the screening, 114 T2 evi mutants and 45 

T2 dvi mutants (159 VIN3 induction mutants total) were found (Appendices A and B). 

 Within the two classes of mutants, individual molecular phenotypes varied in 

severity from mutant to mutant.  For example, some dvi mutants showed lower levels of 

VIN3 induction after cold than other dvi mutants (Figure 17B). Conversely, some evi 

mutants showered higher levels of VIN3 induction before cold than other evi mutants  
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Figure 18. The dvi1 mutant does not induce VIN3 after 20 days cold. 
 
Compared to the parental line, VIN3 expression is barely detectable, although it is not 
completely silenced. Luminescence imaging was performed as previously described. 
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(Figure 17B). T2 mutant seedlings with interesting molecular phenotypes were 

transplanted to bulk up T3 seeds for subsequent screening and selection. In order to 

confirm that the mutants were homozygous for the associated VIN3 induction phenotype, 

all 159 T3 mutants were screened again via luminescence imaging as previously 

described. From this, 24 putative evi and 17 putative dvi mutants were confirmed on the 

basis of their abnormal Luc+ expression phenotype. Thus, 0.05% (41 of 81,600) of the 

total seeds screened had abnormal VIN3 induction phenotypes – the other 99.95% 

(80,559 of 81,600) of screened seeds behaved wild type and exhibited unstable molecular 

phenotypes. 

 Of the 17 putative dvi mutants screened for Luc+ expression, dvi1 exhibited the 

strongest molecular phenotype – VIN3 expression was barely detectable even after 20 

days of vernalizing treatment (Figure 18). It is interesting to note that even in dvi1, which 

mimics vin3 with respect to VIN3 expression patterns, there is still a basal level of VIN3 

expression seen after cold (Figure 18). However, most of the dvi mutants tested had a 

molecular phenotype that was moderate in severity compared to other dvi mutants: 

although their VIN3 induction levels were much lower compared to that of the parental 

line (wild type), it was discernibly higher in comparison to dvi1 (Figure 19). Because of 

their slow VIN3 induction kinetics, they were classified as hypo-VIN3 induction (hov) 

mutants and were kept separate from their dvi counterparts (Figure 19). hov1 had the 

lowest level of VIN3 expression after cold within the hov mutant class, thus it was also 

pursued further. 
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Figure 19. The hov1 mutant exhibits slower VIN3 induction kinetics during cold 
exposure. 
 
Compared to dvi1, the detectable levels of VIN3 after 20 days of cold exposure are higher 
in hov1. However, they are still drastically lower when compared to the stable parental 
line. Luminescence imaging was performed as previously described.  
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Figure 20. VIN3 is ectopically expressed before cold in evi1. 
 
Although VIN3 is only induced after periods of prolonged cold exposure, evi1 induced 
VIN3 before vernalizing cold treatment. Luminescence imaging was performed as 
previously described. 
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Figure 21. The hev1 mutant shows hyper-induction of VIN3 expression before cold.  
 
Although the molecular phenotype is less prominent than evi mutants, VIN3 expression 
levels in hev1 are still higher before cold in comparison to the stable parental line. 
Luminescence imaging was performed as previously described. 
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 Of the 24 putative evi mutants screened for Luc+ expression, evi1 exhibited the 

strongest molecular phenotype – VIN3 expression was prematurely induced before cold 

exposure in comparison with the parental line (Figure 20). As seen with both dvi1 and the 

parental line, VIN3 expression varied amongst tested T3 seedlings from the evi1 mutant 

line (Figure 20). This data seems to suggest that a certain threshold of cold exposure 

needs to be reached in order to completely saturate VIN3 induction. However, even  

though VIN3 is ectopically expressed in evi1, it is not likely that this mutant responds to 

vernalization prematurely, since VIN3 is necessary – not sufficient – for FLC repression 

(Sung and Amasino, 2004). 

 As was the case with the dvi mutants, the majority of the evi mutants screened 

also exhibited a molecular phenotype that was moderate in severity in comparison with 

the other evi mutants: although they clearly had induced VIN3 before cold treatment 

(Figure 21), the premature expression of VIN3 was markedly reduced when compared to 

evi mutants (Figure 20). Because these mutants also exhibited premature induction of 

VIN3 (Figure 21) but to a lesser extent than evi mutants (Figure 20), they were classified 

as hyper-VIN3 induction (hev) mutants and kept separate from their evi counterparts. 

Since hev1 showed the highest level of premature VIN3 induction before cold exposure 

within the hev mutant class, it was selected for further analysis. Much like the other 

mutants as well as the parental line, hev1 T3 seedlings also showed varying levels of VIN3 

expression amongst tested seedlings (Figure 21), reinforcing the idea that longer periods 

of cold (e.g. higher threshold of cold) may be required to reach the maximum level of 

VIN3 induction during vernalization. 
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 After confirming the molecular phenotypes of the T3 mutants, it was important to 

also make sure that the mutants were segregating properly and to ensure that the mo 

molecular phenotype of dvi1 and hov1, respectively, was due to their inability to induce 

VIN3 expression during cold exposure due to the presence of an exogenous transgene 

(pSKI015) and not due to silencing of the pVIN3-Luc+ transgene. Thus, all mutants were 

selected with BASTA as previously described. Interestingly, all of the mutants – dvi1, 

hov1, evi1, and hev1 – showed 100% BASTA resistance in the T3 generation (data not 

shown). Thus, the lack of Luc+ expression demonstrated by dvi1 and hov1 after cold 

exposure (Figures 18 and 19) is not the result of transgene silencing. 

 

3.3.2. Molecular characterization of VIN3 induction mutants 

 In order to be certain that the Luc+ expression phenotypes observed via 

luminescence imaging reflected exogenous VIN3 expression patterns, quantitative real-

time PCR (qRT-PCR) analysis was performed as described on dvi1, hov1, evi1, and hev1 

mutants over the course of vernalization. Interestingly, dvi1 failed to induce VIN3 

expression even during longer periods of cold, such as 30 and 40 days of cold exposure 

(Figure 22). However, it is important to note that there are still basal levels of VIN3 

expression exhibited in dvi1 over the course of vernalization – VIN3 expression is never 

silenced (Figure 22). Basal levels of VIN3 expression can especially be seen after 20, 30, 

and 40 days of vernalizing cold treatment (Figure 22). It remains to be seen if these basal 

levels of VIN3 expression are significant enough to elicit a vernalization response. This 

result is not surprising, though, because this same phenomenon was observed during  
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Figure 22. VIN3 is not induced in dvi1 during vernalization. 
 
VIN3 expression levels are decreased 10-fold in dvi1 when compared to the parental line 
(wild type). Relative fold change was determined by normalization with the levels of 
PP2A gene as previously reported (Czechowski et al., 2005). 
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Figure 23. hov1 exhibits slow VIN3 induction kinetics throughout the course of 
vernalization. 
 
Ultimately, like dvi1, VIN3 induction fails to occur even after 40 days of cold exposure. 
However, VIN3 is expressed at levels comparable to the parental line during early periods 
of cold exposure, such as after 10 and 20 days of vernalization. Relative fold change was 
determined by normalization with the levels of PP2A gene as previously reported 
(Czechowski et al., 2005). 
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luminescence imaging (Figure 18). In contrast to dvi1, the parental line exhibits wild type 

VIN3 expression patterns – VIN3 expression levels steadily increase concomitantly with 

the length of cold exposure (Figure 22). Upon return to warm growth conditions for 10 

days (VT10), VIN3 expression is almost completely abrogated in the stable parental line 

(Figure 22), another hallmark of wild type VIN3 expression patterns (Sung and Amasino 

2004). 

 In contrast with dvi1, hov1 exhibits levels of VIN3 expression at 10 and 20 days 

vernalization (Figure 23) that are comparable to the parental line, highlighting the 

broader phenotypic distinction between dvi mutants and their subclass, hov mutants. The 

levels of VIN3 expression in hov1 at 10 and 20 days of cold are significantly higher than 

the basal levels of VIN3 observed in dvi1 (Figures 22 and 23). Interestingly, after 30 and 

40 days of vernalizing cold treatment, hov1 has little to no VIN3 expression (Figure 24). 

In fact, VIN3 expression in hov1 at these time points is lower than in dvi1 during the same 

period of cold exposure (Figures 22 and 23). Therefore, hov1 exhibits slower VIN3 

induction kinetics than the wild type. However, the levels of VIN3 expression in hov1 

after 30 and 40 days of vernalization are significantly higher in comparison with the 

levels of VIN3 before cold (NV; Figure 23), which means that there is still a basal level of 

VIN3 induction during cold in this mutant. If the basal level of VIN3 induction is enough 

to trigger FLC repression during cold, then we would expect that both dvi and hov1 

would not have any flowering time phenotype. Thus, they would flower at the same time 

as wild type. It still remains to be determined whether or not these basal levels of VIN3 

expression are sufficient to elicit a vernalization response. 
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Figure 24. VIN3 is induced in evi1 without vernalizing cold treatment. 
 
Hyper-induction of VIN3 occurs in evi1 throughout cold exposure until maximum VIN3 
induction levels are reached 10 days before they are reached in the parental line. Relative 
fold change was determined by normalization with the levels of PP2A gene as previously 
reported (Czechowski et al., 2005). 
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 The most remarkable part of the evi1 molecular phenotype is the ectopic induction 

of VIN3 before cold – VIN3 expression is highly up-regulated before cold in comparison 

to the parental line (Figure 24), in which there is little to no VIN3 expression. Over the 

course of vernalization, VIN3 expression is hyper-induced and continues to increase even 

after 40 days of vernalizing cold treatment beyond the levels observed in the wild type 

(Figure 24). Therefore, in addition to VIN3 hyper-induction in evi1, the maximum VIN3 

expression level is higher in evi1 than in the parental line (Figure 24). It is remarkable to 

note that the level of VIN3 expression reached in evi1 after 30 days of vernalization is 

identical to the level of VIN3 expression reached in the parental line after an additional 10 

days of vernalizing cold treament (Figure 24), highlighting the strength of the molecular 

phenotype of evi1. Even though VIN3 is ectopically expressed and hyper-induced in evi1, 

VIN3 expression is still repressed to wild type levels upon return to warm growth 

conditions for 10 days (VT10; Figure 24). This suggests that although evi1 may have a 

problem with regulating VIN3 during vernalization, it does not have a problem re-

repressing VIN3 expression after cold exposure (Figure 24). 

 In contrast with evi1, VIN3 expression levels were barely detectable before cold 

(NV; Figure 25), highlighting the primary distinction between evi mutants and the hev 

mutant subclass. Whereas evi mutants ectopically express and hyper-induce VIN3 

whereas hev mutants, such as hev1, only hyper-induce VIN3 over the course of 

vernalization (Figures 24 and 25). Interestingly, hev1 hyper-induces VIN3 even faster 

than evi1 – it reaches maximum VIN3 induction after 20 days (Figure 25), which is 10 

days faster than evi1 (Figure 24). However, the maximum level of VIN3 induction is the  
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Figure 25. hev1 reaches maximum VIN3 induction levels after only 20 days of 
vernalization. 
 
In addition to hyper-inducing VIN3 during vernalization, hev1 is also incapable of re-
repressing VIN3 after cold exposure. This suggests that this gene may be involved in both 
the induction of VIN3 during cold as well as the re-repression of VIN3 after cold. 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 26. Schematic diagram of the TAIL PCR procedure. 
 
First, a primary reaction is performed using a pSKI015 left border-specific primer 
(JL200) and a degenerate primer(s) (AD). Next, using the primary reaction solution as 
template, a secondary reaction is performed using another pSKI015-specific primer 
(JL214) and the same AD primer(s). The products are either run on a gel and purified or 
sent directly for sequencing using the appropriate JL primer. 
same as it is for the parental line (Figure 25). It still remains to be determined whether or 

not expression levels of VIN3 continue to increase in the wild type when the vernalization 
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time course is extended (e.g. 60 and 80 days) or if the maximum is reached after 40 days 

of cold exposure. Another distinction between evi1 VIN3 expression patterns and those 

observed in hev1 is that VIN3 is highly expressed after 10 days of normal growth 

temperatures following vernalization (VT10; Figure 25). However, VIN3 expression is re-

repressed in evi1, suggesting that HEV1 may also play a critical role in VIN3 repression 

after vernalization in addition to regulating VIN3 induction during vernalization. 

 

3.3.3 Identification of pSKI015:genomic DNA junctions in VIN3 induction mutants 

 In order to recover pSKI015 insertions, TAIL PCR was performed on the VIN3 

induction mutants as previously described (Figure 26). From these efforts, several 

pSKI015:genomic DNA junctions were recovered from the individual mutants (Figure  

28). It is quite interesting to note that the pSKI015 insertions recovered from both evi1 

and hev1 were located within the third intron of the same gene (AT5G38070), though the 

precise location varied slightly between the two mutants (Table 3). This suggests that 

these two mutants may be gain-of-function/activation-tagged mutants that result in the 

overexpression of VIN3 without any vernalizing stimulus required, which is corroborated 

by the VIN3 hyper-induction phenotypes both mutants possess (Figures 24 and 25). The 

discrepancy between the two different molecular phenotypes – evi1 ectopically expresses 

VIN3, whereas hev1 does not – may be due to the differences in the exact location of the 

pSKI015 insertion (Table 3). 
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Name pSKI015 Location 
dvi1 before AT2G29450 stop codon 
hov1 promoter of AT2G40020 
evi1 3rd intron of AT5G38070 
hev1 3rd intron of AT5G38070 

 
Table 3. Results from TAIL PCR in VIN3 induction mutants. 
 
Though dvi1 and hov1 appear to be unique mutants, these results suggest that it is 
possible that both evi1 and hev1 may be the same mutant genetically. 
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Figure 27. dvi1 fails to induce Luc+ expression during vernalization. 
 
Throughout the course of vernalization, Luc+ levels are negligible. Even after 40 days of 
vernalization, Luc+ is barely induced to a level that is higher than it was before cold 
exposure. Luc+ expression in dvi1 recapitulated exogenous VIN3 expression (Figure 23). 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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3.3.4 The pVIN3-Luc+ transgene recapitulates VIN3 induction molecular phenotypes 

 Since all four mutants could not be pursued due to time constraints, dvi1 and evi1 

were selected for further analysis on the basis of the strength and stability of their 

respective VIN3 induction phenotypes. Though it was critical to determine exogenous 

VIN3 expression levels during cold, it was also important to assess Luc+ expression over 

the entire course of vernalization in order to evaluate the stability of the pVIN3-Luc+ 

transgene in dvi1 and evi1. Much like exogenous VIN3 expression, the expression of Luc+ 

during vernalization in dvi1 was essentially negligible (Figure 27). It is interesting to note 

that even after 40 days of vernalization – a duration of cold exposure sufficient to elicit a 

vernalization response – endogenous Luc+ expression is barely detectable. This confirms 

the low levels of levels of exogenous VIN3 induction exhibited by dvi1 throughout the 

vernalization (Figure 22). Another interesting finding is that VIN3 expression 

(endogenous or exogenous) in dvi1 is always highest after 40 days of vernalization, 

which suggests this mutant is still capable of perceiving cold. 

 In contrast with dvi1, Luc+ is ectopically expressed before cold and hyper-induced 

during vernalization in evi1. Much like exogenous VIN3 expression, evi1 consistently had 

markedly higher Luc+ levels in comparison with the parental line throughout 

vernalization (Figure 28). Luc+ expression is efficiently re-repressed after cold in evi1 

(Figure 28). Thus, because evi1 exhibited ectopic induction of Luc+ before cold and 

hyper-induction throughout cold, it was clear that this mutant – like dvi1 - recapitulated 

exogenous VIN3 expression patterns during vernalization (Figure 24). 
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Figure 28. evi1 ectopically induces Luc+ expression before cold. 
 
Before vernalization, Luc+ expression is up-regulated in evi1, which recapitulates 
exogenous VIN3 expression (Figure 25). Throughout cold exposure, Luc+ expression is 
hyper-induced in evi1 with respect to the stable parental line. Luc+ expression is almost 
completely abrogated upon return to normal growth temperatures after 10 days following 
vernalization. Relative fold change was determined by normalization with the levels of 
PP2A gene as previously reported (Czechowski et al., 2005). 
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3.3.5 The located pSKI015 insertions are not linked with the VIN3 induction phenotypes 

 After locating the pSKI015 insertions via TAIL PCR (Table 3), it was important 

to determine whether or not they co-segregated with the observed VIN3 induction 

phenotypes associated with both dvi1 and evi1. To this end, dvi1 and evi1 T3 seedlings 

were backcrossed to the parental line in order to generate F2 segregation populations. 

From these populations, insight could be gained into whether not the molecular 

phenotypes observed were either dominant or recessive in nature. Luminescence imaging 

was performed as previously described followed by genotyping PCR in order to reveal 

whether not the located pSKI015 insertions were responsible for the observed VIN3 

induction phenotypes. Interestingly, after 20 days of cold exposure, dvi1 F2 seedlings 

segregated in a 1:3 ratio, meaning that approximately 1 out of every 3 seedlings tested 

(15 out of 50 total) did not express Luc+ (Figure 29). It is important to note that only 

seedlings that demonstrated strong Luc+ expression from the apical meristem, not the 

hypocotyl, were determined to express VIN3 after cold (Figure 29). Furthermore, F2 

seedling survival rate on plates containing BASTA for selection was also approximately 

1:3, meaning that 1 out of every 4 seedlings tested survived (data not shown). This 

suggested that the inability of dvi1 to induce VIN3 during vernalization was likely a 

recessive trait that could be attributed to a loss-of-function (amorphic) mutation in the 

gene responsible for the molecular phenotype. 

 After genotyping PCR of all the tested F2 seedlings, it was clear that the pSKI015 

insertion in AT2G29450 was not linked with the molecular phenotype because the T- 
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Figure 29. The pSKI015 insertion in AT2G29450 is not linked with the VIN3 induction 
phenotype of dvi1. 
 
Luminescence imaging was performed followed by genotyping PCR in F2 segregation 
populations. Although dvi1 is recessive for the VIN3 induction phenotype, the pSKI015 
insertion in AT2G29450 was not responsible for this phenotype. 
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DNA was not detected in either the seedlings that did not express Luc+ after cold 

exposure or in those seedlings that expressed Luc+ (Figure 29). All detected bands were 

sent for sequencing. Interestingly, the JL200 + F band (created using primers designed to 

amplify the located T-DNA) contained a sequence that was not specific to the pSKI015 

insert located in AT2G29450. Furthermore, the F+R band (generated using primers 

designed to amplify the AT2G29450 genomic region containing the pSKI015 insertion) 

was present in all F2 seedlings regardless of whether or not they possessed the VIN3 

induction phenotype. Taken in sum, this strongly suggested that the recovered pSKI015 

insertion in AT2G29450 was non-specific.)  

 Previously, it was reported that activation-tagging vectors such as pSKI015 may 

affect the expression of genes up to several kilobases away from the site of the insertion 

(Weigel et al., 2000). Thus, quantitative PCR was performed as previously indicated to 

detect the expression of genes upstream and downstream of the insertion site under the 

premise that, if the recovered T-DNA was truly responsible for the molecular phenotype, 

then the gene affected by its presence would either be knocked down or over-expressed. 

The purpose of this was also to conclusively determine that the recovered T-DNA was 

not responsible for the VIN3 induction phenotypes in dvi1. Out of all five genes tested – 

AT2G29430, AT2G29440, AT2G29450, AT2G29452, and ATG294560 – only 

AT2G29440 exhibited abnormal gene expression patterns over the course of 

vernalization in comparison to the wild type (Figures 30, 31, 32, 33, and 34). ATG29440 

was constitutively over-expressed before, during, and after vernalization, except after 40 

days of cold (Figure 31), which raised the possibility that this gene could be activation- 



 90 

 

 

 

 

 

 
Figure 30. AT2G29430 expression in dvi1 during cold mimics wild type expression 
patterns. 
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 31. AT2G29440 is over-expressed during early cold but hyper-repressed after 40 
days of cold in dvi1. 
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 32. dvi1 exhibits wild type AT2G29450 expression patterns during vernalization.  
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 33. AT2G29452 expression is not affected by vernalization. 
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 34. AT2G29460 is only expressed when cold is absent.  
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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tagged due to the presence of the pSKI015 insertion present within AT2G29450. 

However, this scenario is doubtful because the dvi1 molecular phenotype appears to be 

recessive (Figure 29), whereas genes that have been activation-tagged are usually 

dominant in nature. Because the gene(s) responsible for VIN3 induction are expected to 

aid in the perception or measurement of the duration of cold, it is also important to note 

that none of the tested genes appeared to be responsive to cold (Figures 30, 31, 32, 33, 

and 34), providing further evidence that the recovered pSKI015 insertion in AT2G29450 

was not responsible for the observed VIN3 induction phenotype in dvi1. 

 In contrast, evi1 F2 seedlings segregated much differently than dvi1 F2 seedlings. 

Before cold, evi1 F2 seedlings displayed a 3:1 ratio, where approximately 3 seedlings out 

of every 4 tested (8 out of 33 total) displayed strong Luc+ expression (Figure 35). It is 

important to note that only seedlings that demonstrated strong Luc+ expression from the 

apical meristem, not the hypocotyl, were determined to express VIN3 ectopically (Figure 

35). Furthermore, the survival rate of the F2 seedlings on BASTA was also approximately 

3:1, meaning that 3 out of every 4 seedlings tested survived selection (data not shown). 

This strongly suggests that the ability of evi1 to ectopically induce VIN3 before cold is a 

dominant trait, most likely caused by a gain-of-function (neomorphic) mutation in the 

gene responsible for the molecular phenotype. After genotyping all of the tested F2 

seedlings, the pSKI015 insertion was not recovered from any seedlings in both those that 

expressed Luc+ before cold and those that did not  (Figure 35). Further evidence indicated 

that this T-DNA was not responsible for the VIN3 induction phenotype: (1) the F+R  
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Figure 35. The pSKI015 insertion located in AT5G38070 does not cause the VIN3 
induction phenotype of evi1. 
 
Luminescence imaging was performed followed by genotyping PCR in F2 segregation 
populations. Although evi1 is dominant for the VIN3 induction phenotype, the pSKI015 
insertion in AT5G38070 was not responsible for this phenotype. 
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band, produced from the primers designed to amplify the region containing the pSKI015 

insertion in AT5G38070, was found in both the wild type and all of the F2 seedlings 

tested regardless of whether or not they expressed Luc+ before cold, and (2) a SAIL line 

(SAIL_1055_B06) harboring a T-DNA insertion in the exact same location as evi1 did 

not show ectopic VIN3 induction before cold. 

 Next, quantitative PCR analysis was performed in order to confirm that none of 

the genes upstream or downstream of AT5G38070 – where pSKI015 was found to be 

located – were either over-expressed or knocked down in evi1. Out of all five genes 

tested – AT5G38050, AT5G38060, AT5G38070, AT5G38080, and AT5G38090 – only 

AT5G38070 expression, the gene where the pSKI015 was located, appeared to be over- 

expressed in the evi1 background in comparison to the wild type (Figure 38). Although 

AT5G38070 over-expression in evi1 correlates well with the observed dominant VIN3 

induction phenotype in this mutant, it was doubtful that the pSKI015 insertion caused 

these phenotypes due to the linkage analysis results (Figure 35). Because the gene(s) 

responsible for VIN3 induction are expected to aid in the perception or measurement of 

the duration of cold, it is also important to note that none of the tested genes appeared to 

be responsive to cold (Figures 36, 37, 38, 39, and 40), providing further evidence that the 

recovered pSKI015 insertion in AT5G38070 was not responsible for the observed VIN3 

induction phenotype in evi1. This suggests that the increase in AT5G38070 expression 

observed after 40 days may simply be due to the stress imposed on plants after such a 

lengthy period of cold exposure. Thus, it is possible that AT5G38070 is involved in 

generic stress response in Arabidopsis. 
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Figure 36. AT5G38050 expression in evi1 during cold mimics wild type expression 
patterns. 
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 37. AT5G38060 expression in evi1 is not responsive to vernalizing cold treatment.  
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 38. evi1 constitutively over-expresses AT5G38070 during cold exposure but it is 
not responive to cold exposure. 
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 39. AT5G38080 expression is unaffected by the presence of the T-DNA in evi1.  
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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Figure 40. AT5G38090 is repressed in evi1 during early cold but not after 40 days of 
vernalization. 
 
Relative fold change was determined by normalization with the levels of PP2A gene as 
previously reported (Czechowski et al., 2005). 
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3.3.6 Re-identification of pSKI015:genomic DNA junctions in VIN3 induction mutant 
using alternative approaches 
 
 After finding that the original pSKI015 insertions located by TAIL PCR were not 

responsible for the VIN3 induction phenotypes of dvi1 and evi1, further TAIL PCR 

efforts were pursued in tested F2 seedlings that did not possess the non-specific T-DNA 

(via genotyping PCR). These seedlings were used specifically to reduce the likelihood 

that the same non-specific T-DNAs would be recovered from subsequent efforts. The 

result of subsequent TAIL PCR led to linkage analysis that showed that, much like the 

previously recovered T-DNAs, these recovered T-DNAs did not co-segregate with the 

respective molecular phenotypes via luminescence imaging and genotyping PCR (data 

not shown). Thus, these insertions were also not responsible for the respective VIN3 

induction phenotypes. 

 After several unsuccessful attempts to recover the T-DNAs responsible for the 

VIN3 induction phenotypes, alternative methods were required to locate additional T-

DNAs, such as plasmid rescue analysis (Figure 41). The same dvi1 and evi1 F2 seedlings 

that did not possess the non-specific pSKI015 insertions that had been previously located. 

Although T-DNAs were not recovered from evi1, a pSKI015 insertion located in the 4th 

exon of AT4G37900 was recovered in dvi1 (data not shown). However, linkage analysis 

using dvi1 F2 seedlings confirmed that this insertion was not responsible for the lack of 

VIN3 induction after cold observed in this mutant (data not shown). Thus, it was apparent 

that there were multiple independent pSKI015 insertion events in both dvi1 and evi1 that 

must have occurred during transformation with Agrobacterium tumefaciens. 



 104 

 
 

 
 

Figure 41. Schematic diagram of plasmid rescue analysis protocol using BamH1 
restriction enzyme. 
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Figure 42. evi1 flowers early after 40 days of vernalization in non-inductive (short day) 
photoperiods. 
 
Col-0 produced 27-28 rosette leaves, the parental produced about 28-29, whereas evi1 
produced only 18-19 following vernalizing cold treatment.  
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3.3.7 evi1 flowers late in non-inductive photoperiods after vernalization 

 In order to assess whether or not dvi1 and evi1 possessed phenotypes above the 

molecular level, flowering time analysis was performed as previously described using 

homozygous T3 seedlings. First, dvi1 showed no discernable difference in flowering time 

(via rosette leaf number) from the wild type (Col-0 and parental line) before vernalization 

(data not shown). However, this was not surprising because VIN3 is normally not 

expressed before cold, and thus dvi1 behaves like the wild type in this respect. Second, 

there was no difference in flowering time between dvi1 and wild type throughout the 

entire course of vernalization (data not shown) even though VIN3 is not induced (Figure 

22) and, presumably, this would result in an inability to repress FLC, resulting in a delay 

in flowering time. However, given the fact that some of the proteins that regulate FLC 

also regulate VIN3 and FT in a regulatory feedback loop (Figure 11), it may be the case 

that dvi1 is also involved in directly regulating FT, the most downstream component in 

the vernalization pathway (Figure 1). This may mask any possible flowering time 

phenotype that may have been caused by a lack of VIN3 induction during vernalization in 

dvi1.   

 Although dvi1 did not show any differences in flowering time during 

vernalization in comparison to the wild type, evi1 showed highly accelerated flowering in 

non-inductive (short day) photoperiods in response to 40 days of vernalizing cold 

treatment (Figure 42). Interestingly, however, there was no difference in flowering time 

between evi1 and the wild type after 10, 20, or 30 days of cold treatment (data not 

shown). It has been previously reported that ectopic induction of VIN3 before cold 
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exposure does not result in premature FLC repression (Sung and Amasino, 2004). This is 

because vernalization-mediated VIN3 induction is necessary for the vernalization 

response, but it is not sufficient to elicit a response by itself because other components 

are also required during cold exposure to repress FLC. Thus, it is not surprising not to see 

that evi1 did not have any discernable effects on flowering time phenotype in a non-

vernalized condition (data not shown). However, the fact that there was no flowering 

phenotype even after 10, 20, and 30 days of cold (data not shown) may be attributed to 

the fact that – much like LHP1 and PRC2 – this gene may also be involved in the 

repression of downstream genes in the vernalization pathway, skewing any possible 

flowering time phenotype that could result from hyper-induction of VIN3.  

 
 
 
3.4 Discussion 
 
 We identified four novel, independent classes of mutants that contribute to either 

the activation of VIN3 during vernalization (dvi and hov) or the repression of VIN3 before 

vernalization (evi and hev) using a unique forward genetic screening approach. Via 

luminescence imaging, we observed the failure of VIN3 expression to be induced during 

vernalization in dvi1 (Figure 18), as well as slow VIN3 induction kinetics during cold in 

hov1 (Figure 19). This suggests that these mutants are required for VIN3 activation during 

vernalization (Figure 43). Mutants were also recovered, such as evi1, that ectopically 

induced VIN3 before vernalization (Figure 20) in addition to mutants like hev1 that 

exhibited fast VIN3 induction kinetics during cold (Figure 21). Interestingly, the parental 
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line (wild type) showed varying levels of VIN3 expression amongst seedlings after 20 

days of cold exposure, suggesting that longer periods of cold exposure (e.g. 40 days of 

cold or longer) may be required in order to saturate VIN3 expression (or to reach maximal 

VIN3 expression). However, it still remains to be determined if periods of cold exposure 

longer than 40 days result in even higher levels of VIN3 expression naturally and whether 

or not mutants such as dvi1 and evi1 show abnormal patterns of VIN3 expression during 

those prolonged periods of cold. Interestingly, there is still some VIN3 induction seen 

after 40 days of vernalization in dvi1. This seems to suggest that another cold-specific 

activator of VIN3 may still exist. Lastly, it is important to note that the basal levels of 

VIN3 induction seen in this mutant appear to be sufficient to elicit a vernalization 

response because dvi1 flowers at the same time as wild type (data not shown). 

 In conclusion, it is apparent that there are two unique strategies for regulating 

VIN3 induction during vernalization: activating VIN3 during cold (DVI1; Figure 43) or 

preventing precocious VIN3 induction before cold (EVI1; Figure 44). It is not entirely 

clear whether or not one of these mutants is more important than the other in regards to 

achieving maximal VIN3 induction during cold. Rather, it is more likely that both 

mutants are required together to fine-tune VIN3 induction during vernalization:  EVI1 

prevents VIN3 from being induced before cold (Figure 44) and DVI1 assists in achieving 

maximal VIN3 induction during cold (Figure 43). Furthermore, because VIN3 is hyper-

induced in evi1 during cold, it also suggests that EVI1 is involved in attenuating VIN3 

expression during vernalization. This is not unprecedented, since both PRC2 and LHP1 

remain associated to VIN3 chromatin during vernalization in order to keep this gene 
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poised for re-repression after cold. It is clear that losing either one of these mutants 

results in abnormal expression patterns of VIN3 either before or during vernalization. 

 

3.5 Final Conclusions and Future Directions  

 It is clear that both repressive and activating elements aid in the regulation of 

timing of VIN3 induction in Arabidopsis. The slow kinetics of VIN3 induction, which is 

triggered only by prolonged periods of cold exposure, is due to the presence of both 

repressive histone marks (H3K27me3 and H3K9me2) and the direct association of 

repressive protein complexes (LHP1 and PRC2). Due to the similarity in molecular 

phenotypes between lhp1-4 and evi1 mutants, it is possible that EVI1 may also directly 

associate – like LHP1 and PRC2 – with VIN3 chromatin when it is preventing the 

premature expression of VIN3 before vernalization (Figure 44), which would explain the 

ectopic VIN3 induction expression patterns observed in evi1 (Figure 24). Surprisingly, 

unlike lhp1 and clf;swn mutants, evi1 flowered early after 40 days of vernalization 

(Figure 42), which suggests that this mutant may also have a role in regulating genes 

downstream of VIN3 in the vernalization pathway that affect flowering time, such as FT. 

In the future, it will be of great interest to determine whether or not other genes in the 

vernalization pathway, such as FLC and FT, are affected in evi1 and whether or not these 

expression patterns resolve the early flowering phenotype observed in evi1 after 

vernalization (Figure 42). 

 In contrast to evi1, it appears that dvi1 is critical to the activation of VIN3 

expression by prolonged cold exposure (Figure 22). The molecular phenotype of dvi1 is 
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quite similar to those of both elf7-2 and efs-3, where maximal VIN3 induction levels 

cannot be achieved in the absence of these activating genes. Since repressive proteins 

LHP1 and PRC2 directly associate with VIN3 chromatin, it would be interesting to 

determine whether or not DVI1, ELF7, and EFS physically associate with VIN3 

chromatin during vernalization. Furthermore, it would be beneficial to determine whether 

or not any association between DVI1 and VIN3 chromatin is constitutive or transient 

throughout cold treatment. Since H3K4me3, an active histone mark, is only transiently 

enriched when VIN3 is induced by cold, it is plausible that the association of activating 

proteins (such as DVI1) is temporary and only occurs when VIN3 chromatin is in an 

active state during vernalization. 

 It is interesting to note that, after 40 days of vernalizing cold treatment, there is 

still a slight upregulation of VIN3 expression in dvi1 (Figure 22). This suggests that other 

cold-specific regulators of VIN3 may still exist because, if DVI1 were the sole activator 

of VIN3, then there would be no residual VIN3 induction during cold. However, it may 

also be the case that DVI1, ELF7, and EFS – together – are necessary to VIN3 achieve 

maximal induction during cold and a triple mutant could result in effectively no VIN3 

induction. Lastly, the lack of flowering phenotype observed in dvi1 over the course of 

vernalization (data not shown) may be attributed to the fact that this gene may regulate 

downstream genes in the vernalization pathway, such as FLC or FT, which could counter 

the effects that the failure of VIN3 induction causes (insensitivity to vernalization causes 

extremely late flowering). 
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 In the future, it will be quite beneficial to the understanding the intimate link 

between cold perception and the vernalization response to clone and characterize both 

DVI1 and EVI1.  
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Figure 43. DVI1 is required for VIN3 activation during vernalization. 
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Figure 47. EVI1 is required to prevent premature induction of VIN3 before vernalization. 
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Appendices 

Appendix A: dvi mutant seed stocks 
 

Luminescence imaging and quantitative real-time (RT) PCR analysis was 

performed as previously described without modification.  

Name  Original Name Luc+ Imaging VIN3 qPCR 
dvi1 6A dvi #2 Y Y 
dvi2 67A evi " 1 Y Y 
dvi3 67A evi #15 Y Y 
dvi4 6A dvi #1 Y Y 
dvi5 6A dvi #5 Y Y 
dvi6 39A dvi #1 Y Y 
dvi7 39A dvi #4 Y Y 
dvi8 43A dvi #5 Y Y 
dvi9 66A dvi #4 Y Y 
dvi10 68A dvi #2 Y Y 
dvi11 66A dvi #2 Y N 
dvi12 66A dvi #6 Y N 
dvi13 38A dvi #2 Y N 
dvi14 38A dvi #3 Y N 
dvi15 38A dvi #4 Y N 
dvi16 3A dvi #1 y N 
dvi17 39A dvi #3 Y N 
dvi18 3A dvi #2 Y N 
dvi19 38A dvi #1 Y N 
dvi20 67A dvi #2 Y N 
dvi21 66A dvi #5 Y N 
dvi22 66A dvi #4 Y N 
dvi23 68A dvi #5 Y N 
dvi24 62B dvi #4 Y N 
dvi25 59B dvi #1 Y N 
dvi26 60B dvi #1 Y N 
dvi27 40B dvi #1 Y N 
dvi28 62B dvi #1 Y N 
dvi29 42B dvi #1 Y N 
dvi30 62B dvi #5 Y N 
dvi31 6B dvi #2 Y N 
dvi32 67B dvi #1 Y N 
dvi33 61B dvi #1 Y N 
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dvi34 67B dvi #2 Y N 
dvi35 68A dvi #1 Y N 
dvi36 66A dvi #3 Y N 
dvi37 68A dvi #3 Y N 
dvi38 67A dvi #1 Y N 
dvi39 66A dvi #1 Y N 
dvi40 43B dvi #1 Y N 
dvi141 68A dvi #4 Y N 
dvi42 39A dvi #5 Y N 
dvi43 6A dvi #4 Y N 
dvi44 6A dvi #3 Y N 
dvi45 44B dvi #1 Y N 

 
 
Appendix B: evi mutant seed stocks 
 

Luminescence imaging and quantitative real-time (RT) PCR analysis was 

performed as previously described without modification. 

Name  Original Name Luc+ Imaging VIN3 qPCR 
evi1 6A evi #7 Y Y 
evi2 68A evi #3 Y Y 
evi3 6A evi #6 Y Y 
evi4 38A evi #14 Y N 
evi5 42A evi #6 Y N 
evi6 38A evi #15 Y N 
evi7 66A evi #4 Y N 
evi8 39A evi #6 Y N 
evi9 67A evi #6 Y N 
evi10 38A evi #9 Y N 
evi11 67A evi #12 Y N 
evi12 38A evi #3 Y N 
evi13 42A evi #5 Y N 
evi14 67A evi #13 Y N 
evi15 53A evi #7 Y N 
evi16 67A evi #1 Y N 
evi17 38A evi #10 Y N 
evi18 38A evi #1 Y N 
evi19 6A evi #10 Y N 
evi20 6A evi #8 Y N 
evi21 67A evi #3 Y N 



 116 

evi22 67A evi #2 Y N 
evi23 53A evi #8 Y N 
evi24 43B evi #3 Y N 
evi25 39A evi #5 Y N 
evi26 43A evi #8 Y N 
evi27 38A evi #8 Y N 
evi28 38A evi #2 Y N 
evi29 39A evi #1 Y N 
evi30 40A evi #1 Y N 
evi31 40A evi #4 Y N 
evi32 53A evi #11 Y N 
evi33 42A evi #4 Y N 
evi34 42A evi #1 Y N 
evi35 42A evi #3 Y N 
evi36 15A evi #2 Y N 
evi37 15A evi #7 Y N 
evi38 15A evi #4 Y N 
evi39 53A evi #12 Y N 
evi40 68A evi #1 Y N 
evi41 43B evi #1 Y N 
evi42 39A evi #4 Y N 
evi43 66A evi #6 Y N 
evi44 66A evi #5 Y N 
evi45 43A evi #1 Y N 
evi46 43A evi #6 Y N 
evi47 38A evi #7 Y N 
evi48 43A evi #2 Y N 
evi49 43A evi #4 Y N 
evi50 43A evi #7 Y N 
evi51 39A evi #3 Y N 
evi52 38A evi #11 Y N 
evi53 38A evi #12 Y N 
evi54 67A evi #8 Y N 
evi55 66A evi #7 Y N 
evi56 66A evi #8 Y N 
evi57 67A evi #9 Y N 
evi58 67A evi #10 Y N 
evi59 35A evi #4 Y N 
evi60 68A evi #10 Y N 
evi61 53A evi #4 Y N 
evi62 22A evi #6 Y N 
evi63 26A evi #1 Y N 
evi64 35A evi #2 Y N 
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evi65 26A evi #2 Y N 
evi66 68A evi #5 Y N 
evi67 35A evi #6 Y N 
evi68 35A evi #1 Y N 
evi69 26A evi #7 Y N 
evi70 26A evi #5 Y N 
evi71 22A evi #5 Y N 
evi72 35A evi #3 Y N 
evi73 26A evi #6 Y N 
evi74 68A evi #14 Y N 
evi75 53A evi #3 Y N 
evi76 68A evi #8 Y N 
evi77 68A evi #13 Y N 
evi78 22A evi #3 Y N 
evi79 53A evi #2 Y N 
evi80 53A evi #1 Y N 
evi81 68A evi #11 Y N 
evi82 35A evi #5 Y N 
evi83 68A evi #4 Y N 
evi84 68A evi #9 Y N 
evi85 68A evi #6 Y N 
evi86 68A evi #7 Y N 
evi87 22A evi #4 Y N 
evi88 22A evi #2 Y N 
evi89 22A evi #7 Y N 
evi90 68A evi #2 Y N 
evi91 68A evi #12 Y N 
evi92 22A evi #1 Y N 
evi93 26A evi #4 Y N 
evi94 26A evi #3 Y N 
evi95 67A evi #15 Y N 
evi96 53A evi #9 Y N 
evi97 38A evi #6 Y N 
evi98 15A evi #1 Y N 
evi99 15A evi #3 Y N 
evi100 53A evi #6 Y N 
evi101 67A evi #7 Y N 
evi102 67A evi #5 Y N 
evi103 66A evi #1 Y N 
evi104 15A evi #6 Y N 
evi105 67A evi #14 Y N 
evi106 38A evi #13 Y N 
evi107 38A evi #4 Y N 
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evi108 53A evi #5 Y N 
evi109 40A evi #7 Y N 
evi110 43A evi #5 Y N 
evi111 40A evi #3 Y N 
evi112 42A evi #7 Y N 
evi113 6A evi #9 Y N 
evi114 66A evi #3 Y N 
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