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Abstract
Circadian systems are widespread in nature and enable the organisms that posses these
endogenous systems to anticipate environmental changes and therefore allow them to take full
advantage of their phenotypic/developmental plasticity. Since current plant clock models are not
complete enough to explain the roles of the circadian clock, novel clock components need to be
identified. XAP5 CIRCADIAN TIME KEEPER (XCT) is potentially one such protein. I show
that XCT is required for a fully functional clock, proper growth and development, and stress
responses especially under temperature stress. XCT is well conserved in eukaryotes and I
demonstrate that it is functionally conserved between Arabidopsis thaliana and
Schizosaccharomyces pombe at the physiological and molecular levels. I therefore functionally
characterized the XCT ortholog Xap5 in fission yeast and demonstrate that it is a novel
chromatin regulatory protein functioning with multiple known chromatin regulators including the
H2A variant H2A.Z. Chromatin regulation plays an important role in regulating the expression
of stimulus-responsive genes to which category many developmental, circadian and temperatureresponsive genes belong. Because of XCT’s potential involvement in the circadian clock,
chromatin modifications and plant growth-development-stress responses, I conclude that XCT is
a conserved novel protein which connects the worlds of clock and chromatin modifications both
to each other and to growth, development and stress response pathways.
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Chapter 1: Introduction

Clockwork, Chromatin Regulation and Their Crosstalk in Plant Development and Stress
Signaling

Abstract
Circadian systems are widespread in nature and enable the organisms that posses these
endogenous systems to anticipate and be prepared for environmental changes. As a result clocks
play an important regulatory role in plant growth, development and stress signaling, since
external growth factors also oscillate in day-night cycles even in a favorable environment.
Clocks provide an adaptive advantage to plants and allow them to take full advantage of their
phenotypic/developmental plasticity. This plasticity is inherently controlled at the molecular
level. Since circadian clocks are molecular clocks with many tightly linked transcription factor
feedback loops they can modify these processes. Similarly epigenetic regulation, which includes
DNA methylation, histone post-translational modifications, chromatin remodeling and small
RNA mediated chromatin changes are another set of mechanisms that can help plants realize
their inherent ability of developmental plasticity. Chromatin modifications are also widespread in
the living world and help regulate transcriptional changes that bring about changes in growth,
developmental and stress responses. Since current clock models are incomplete, novel clock
components need to be identified. XAP5 CIRCADIAN TIME KEEPER (XCT) is potentially one
such protein. XCT is required for a fully functional clock, proper growth and development, and
stress responses as shown by others’ work and my work reported here (Chapters 2 and 3). XCT
is well conserved in eukaryotes and I demonstrate that it is functionally conserved between	
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Arabidopsis thaliana and Schizosacchromyces pombe at the physiological and molecular levels
(Chapter 2). I therefore functionally characterized the XCT ortholog Xap5 in fission yeast and
demonstrate that it is a novel chromatin regulatory protein functioning with multiple known
chromatin regulators (Chapter 2). Because of its potential involvement in the circadian clock,
chromatin modifications and plant growth-development-stress responses, I conclude that XCT is
a conserved novel protein which connects the worlds of clock and chromatin modifications both
to each other and to growth, development and stress signaling pathways (Chapter 4).
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1.1.0. Introduction to circadian clock in plants
Circadian systems are widespread endogenous mechanisms that allow organisms to time their
physiological changes to predictable day-night cycles caused by the daily rotation of the earth on
its axis (Harmer, 2009; Panda et al, 2002; Wijnen & Young, 2006). Therefore they can help
organisms anticipate and be prepared for environmental changes. Light and temperature are two
environmental cues utilized by many organisms to entrain their circadian clocks. Plants, like
many other organisms, have endogenous biological clocks. Historically, plants have played a
very important role in the study of biological clocks (McClung, 2006). As early as 1727, the
French astronomer de Mairan reported that rhythms in leaf movement persisted even in the
absence of environmental cues (Mas, 2005). These studies provided the first experimental
evidence that biological rhythms might be driven by an endogenous cellular mechanism. From
these initial steps, extensive research efforts have conclusively confirmed the existence of
biological clocks with pervasive roles in many organisms (McClung, 2006).

Generally, the circadian system of any organism can be divided in to three conceptual modules:
input pathways that perceive the environmental signals and transmit this information to the
central oscillator (entrain the clock), the central oscillator (clock), and output pathways that
generate overt rhythms. Recent experimental and mathematical studies have suggested that the
plant circadian clock (central oscillator) consists of multiple interlocked transcriptional feedback
loops (Harmer, 2009). The dawn-phased Myb-like transcription factors CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), bind to the
promoter of TIMING OF CAB EXPRESSION 1 (TOC1) and repress its expression (Alabadi et al,
2001). In turn dusk phased TOC1 binds to the promoters of CCA1 and LHY and represses their
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expression (Gendron et al, 2012; Huang et al, 2012; Pokhilko et al, 2012). The morning-phased
genes PSEUDO-RESPONSE REGULATOR 7 (PRR7) and PRR9 are activated by CCA1, and
LHY and in turn the PRR7 and PRR9 proteins repress the expression of CCA1 and LHY (Farre et
al, 2005; Locke et al, 2006; Zeilinger et al, 2006). CCA1/LHY related Myb-like transcription
factor, REVEILLE8 (RVE8) also binds to promoters of clock genes via the evening elements
(EE) and activates the expression of TOC1 (Farinas & Mas, 2011; Rawat et al, 2011) and other
evening genes (Hsu et al, 2013).

The clock starts ticking in plants early in development, as early as at germination, just two days
after imbibition (Salome et al, 2008) emphasizing the importance of circadian regulation in
plants’ success. Similar observations were made early in development in many other organisms
with a circadian clock (Vallone et al, 2007). In plants, endogenous biological clocks enable them
to organize their physiological, metabolic and developmental processes so that they occur at
optimal times (de Montaigu et al, 2010). Though a functional circadian clock is not a prerequisite
for growth and development, mutation of one or more of the central oscillator genes has
deleterious effects on these processes (Anwer & Davis, 2013).

The circadian clock controls many developmental processes throughout the life cycle of the plant
(Adams & Carre, 2011; Covington et al, 2008; de Montaigu et al, 2010; Farre, 2012; Harmer,
2009; Harmer et al, 2000). Some of these processes take place on a daily basis and are directly
regulated by the circadian clock such as photosynthesis, starch degradation, stomatal movement
and cell elongation (Covington et al, 2008; Graf et al, 2010; Izawa et al, 2011; Nozue et al,
2007). Others such as transition to flowering occur annually and are generated by interactions
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between light sensing pathways and the clock, resulting in the ability to sense changes in daylength (photoperiod) (Baurle & Dean, 2006; Yanovsky & Kay, 2002). The clock not only confers
daily rhythms in growth and metabolism, but also interacts with signaling pathways involved in
plant responses to the environment such as biotic and abiotic stress responses (Bolouri
Moghaddam & Van den Ende, 2013; Covington et al, 2008; de Montaigu et al, 2010; Harmer,
2009; Hotta et al, 2007; Sanchez et al, 2011). Moreover the circadian clock regulates the
signaling pathways of hormones such as auxin (Covington & Harmer, 2007; Harmer, 2009).
Highlighting the pervasive role of role of circadian rhythms in plants, it has been shown that up
to one third of the transcripts in the model plant Arabidopsis are regulated by the clcok
(Covington et al, 2008).

In addition circadian clocks ‘gate’ an organism’s responses to external stimuli so that they can
occur at the right time of the day (Hotta et al, 2007). This time-of-day-dependent sensitivity to
environmental cues is very important even in a favorable environment, since external growth
factors such as light, temperature, soil moisture and nutrient content oscillate in day-night cycles
(Hotta et al, 2007; Seung et al, 2012). For instance the circadian clock gates the responsiveness
of tissues to phytohormones and therefore Arabidopsis seedlings treated with exogenous IAA
during the subjective night, were more responsive to hypocotyl elongation than plants treated
during the subjective day (Covington & Harmer, 2007).

1.1. 2. Circadian regulation of plant growth and development
Growth starts with cell elongation and division. Circadian regulation of cell cycle has been
reported in many organisms including the fungus Neurospora crassa (Hunt & Sassone-Corsi,
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2007; Matsuo et al, 2003) and mammals (Kowalska et al, 2013; Plikus et al, 2013). There are no
reports in higher plants to suggest a direct relationship between cell cycle and circadian rhythms
(Farre, 2012) and cell cycle genes were not enriched among the clock-regulated genes in plants
in any of the published microarray experiments (Covington et al, 2008). However there are few
reports in unicellular photosynthetic organisms such as the green alga Chlamydomonas
reinhardtii (Goto & Johnson, 1995) and the cyanobacteria Synechococcus elongatus (Dong et al,
2010; Mori et al, 1996; Yang et al, 2010) to suggest such a relationship in the green lineage.

While clock regulation of cell division has not been shown, it is clear that cell growth/elongation
is clock-regulated (Dowson-Day & Millar, 1999). This regulation is mediated at least in part by
clock control of transcript levels of two basic helix–loop–helix (bHLH) genes, phytochromeinteracting factor 4 (PIF4) and PIF5 (Lu et al, 2012; Nozue et al, 2007). These genes function as
positive growth regulators in plants (Duek & Fankhauser, 2005). Light promotes the degradation
of these proteins during the day (Duek & Fankhauser, 2005). As a result the coincidence of high
transcript levels by the clock and protein accumulation in the dark allows them to promote plant
growth at the end of the night in long days (Nozue et al, 2007). Therefore the circadian clock
directly regulates plant growth. The same complex network, which includes the above bHLH
transcription factors and phytochromes influences photomorphogenesis, a developmental process
key to plant success as photoautotrophs (Duek & Fankhauser, 2005).

In addition to the cellular level regulation in plants, the circadian clock regulates many
physiological processes directly related to growth and development including nutrient uptake.
For instance it has been shown in Arabidopsis that the clock components CCA1 and LHY are
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necessary in order for the clock to sense iron status (Hong et al, 2013). Similarly a systems
approach by Gutierrez et al. (2008) found that an organic nitrogen-responsive gene network is
regulated by CCA1. Therefore the circadian clock helps the plant to adjust its developmental
program to optimize the use of resources available in the environment. This topic is also relevant
to the topic of circadian regulation of stress responses (see below).

1.1.3. Circadian regulation of growth and development provides an adaptive advantage to
plants
As noted above, the circadian clock fine-tunes growth and development so that they occur at the
right time so that the plants can complete their life cycle successfully in a given environment
(Harmer, 2009). This is crucial for sessile organisms like plants. Direct evidence for the selective
advantage of the circadian clock was demonstrated in cyanobacteria (Woelfle et al, 2004) and
Arabidopsis thaliana (Anwer & Davis, 2013; Dodd et al, 2005). Dodd et al. (2005) reported in
Arabidopsis that a substantial photosynthetic advantage is conferred by correct matching of the
circadian clock period with that of the external light-dark cycle. In wild type and in long– and
short–circadian period mutants, plants with a clock period matched to the environment contained
more chlorophyll, fixed more carbon, grew faster, and survived better than plants with circadian
periods differing from their environment.

This success may also be due to proper utilization of carbon reserves. Plants store part of their
photosynthates mainly as starch for nocturnal metabolism and growth at night. When wild type
plants were grown at 28h-days or cca1/lhy short period mutants were grown at 24h-days they
showed defective (faster) starch degradation patterns and subsequently reduced growth compared
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to control plants (Graf et al, 2010). Surprisingly it has been also reported that the circadian clock
components may play an important role in hybrid vigor and superior performance of
allopolyploids (Ni et al, 2009).

1.1.4. Circadian regulation of flowering and bud dormancy break
Flowering and subsequent setting of seeds are two vital developmental processes not only
required by the plants to be successful in its environment but also help determine yield in many
crop species. There are six different flowering pathways in Arabidopsis with considerable
overlap between them: the autonomous, vernalization, ambient temperature, age-dependent,
gibberellin, and photoperiodic pathways (Fornara et al, 2010; Jarillo & Pineiro, 2011). Since the
circadian clock is required for plants to measure day-length changes and thereby can regulate
seasonal responses such as flowering, the clock is a major regulator of the photoperiodic
flowering pathway (Fornara et al, 2010; Imaizumi, 2010; Jarillo & Pineiro, 2011). Similarly, the
clock also plays an important role in bud dormancy break in many tree species via both
temperature and photoperiodic induction pathways (Cooke et al, 2012; Ibanez et al, 2010;
Kozarewa et al, 2010).

1.1.5. Circadian regulation of growth and development through regulation of hormonal
signaling
It is well known that hormones play vital roles in plant growth and development (Vanstraelen &
Benkova, 2012; Wolters & Jurgens, 2009). The circadian clock regulates both the synthesis of
and signaling in response to many phytohormones (Covington & Harmer, 2007; Covington et al,
2008; Seung et al, 2012). A significant fraction of the genes that are regulated by almost all of
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the plant hormones are also clock regulated (Covington et al, 2008). For instance more than 40%
of the abscisic acid (ABA) regulated genes are clock regulated. Moreover, the clock regulates the
synthesis of many hormones including ABA and gibberellic acid (GA) (Covington et al, 2008).
In addition, there is mounting evidence suggesting complex crosstalk among hormone pathways
in the regulation of plant growth and development. For instance phytohormones auxin,
cytokinins, GA, ABA, ethylene, jasmonic acid (JA), brassinesteroids (BR) and strigolactones
(SL) crosstalk in cell elongation (Vanstraelen & Benkova, 2012). Possible circadian roles in such
crosstalk have yet to be examined.

1.1.6. Circadian regulation in stress signaling
In addition to influencing growth and development under optimal conditions, the clock affects
the plant responses to both biotic and abiotic stresses (Bieniawska et al, 2008; Sanchez et al,
2011). For instance, mutual shading by neighboring plants is a frequent phenomenon in natural
environments and crop fields. Plants sense this stress with the help of phytochromes and try to
grow rapidly to avoid the shade (Casal, 2012). This shade avoidance response, especially the
hypocotyl elongation component requires TOC1 and thereby regulated by the clock (Salter et al,
2003). Likewise the circadian clock regulates plant responses to many abiotic stresses
(Covington et al, 2008) including temperature stress (Bieniawska et al, 2008), oxidative stress
(Lai et al, 2012) and drought stress (Legnaioli et al, 2009).

The circadian gating of biological processes helps plants to avoid stresses from adversely
affecting their growth and development (Hotta et al, 2007; Kinmonth-Schultz et al, 2013). This
phenomenon has been extensively reported in cold stress tolerance (Kinmonth-Schultz et al,
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2013; Troncoso-Ponce & Mas, 2012). Similar clock-mediated gating of responses to biotic
stresses has also been reported (Bhardwaj et al, 2011; McClung, 2011; Roden & Ingle, 2009;
Troncoso-Ponce & Mas, 2012). For instance Hyaloperonospora arabidopsidis (Hpa) is an
obligate biotrophic oomycete pathogen causes downy mildew disease in Arabidopsis and the
pathogen normally disperses the spores in the dawn (Slusarenko & Schlaich, 2003). The defense
genes, which confer resistance against this pathogen, are under circadian control by CCA1,
allowing plants to anticipate infection at dawn and time immune responses accordingly (Wang et
al, 2011b). Moreover hormones play a huge role in stress signaling, management and adaptation
to both biotic and abiotic stresses (Vanstraelen & Benkova, 2012; Wolters & Jurgens, 2009).
Therefore the role of circadian clock in stress survival is quite obvious as discussed above in
section 1.1.5. Notably JA and salicylic acid (SA) play a vital role in plant defense against
pathogens and herbivores. The circadian clock regulates both the synthesis and signaling of these
hormones and thereby regulates and gates the responses of plants against biotic stresses
(Covington et al, 2008; Goodspeed et al, 2013; Goodspeed et al, 2012; Shin et al, 2012)

1.1.7. Developmental plasticity, the clock and chromatin modifications
Phenotypic plasticity is the capacity of a given genotype to produce different phenotypes in
different environmental conditions. Such variation in phenotype is inherently based on
differential control of developmental processes, which is termed developmental plasticity
(Kramer, 2008). Plasticity is highly important for plant survival and the ability of the circadian
clock to help time these changes to coincide with the optimal environment is thought to be
important (Hotta et al, 2007). Adjusting the developmental program according to the changing
environment requires regulation at the transcriptional and translational level (de Jong & Leyser,
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2012; Kramer, 2008). Since circadian clocks are molecular clocks composed of many tightly
linked transcription factors (Harmer, 2009) they can regulate and fine-tune theses changes.
Similarly epigenetic changes, heritable changes which regulate transcription without altering the
DNA sequences (genes) helps plants achieve developmental plasticity (de Jong & Leyser, 2012;
Kramer, 2008). Epigenetic changes mainly include DNA methylation, histone post-translational
modifications and chromatin remodeling (Kiefer, 2007). Many recent reports in plants and other
organisms suggest that small RNAs are also part of epigenetic regulatory pathways (Henderson
& Jacobsen, 2007; Kanno & Habu, 2011). However epigenetic changes are not always link to
changes in transcription (Berger, 2007). Chromatin regulation is widespread in the living world
and employed to regulate transcriptional changes that result in modification of growth and
development (Kiefer, 2007; Postberg et al, 2010).

1.2.0. Introduction to chromatin modifications
In the cell, DNA is tightly associated with histones and other chromatin proteins that control its
accessibility to the transcriptional machinery. Chromatin properties, and therefore transcription
of DNA, are in large part determined by post-translational modifications of histones and ATPdependent chromatin remodeling and replacement of canonical histones with variant histones in
nucleosomes (Berger, 2007; Kouzarides, 2007; Li et al, 2007). Unlike the circadian clock,
histone modifications affect almost the entire transcriptome, including both euchromatin and
heterochromatin, which is also enriched for transposable elements (Roudier et al, 2011).
Genome-wide distribution pattern analysis of mono-, di- and trimethylation of histone H3 lysine
4 (H3K4me1, H3K4me2 and H3K4me3, respectively) in A. thaliana seedlings using chromatin
immunoprecipitation and high-resolution whole-genome tiling arrays (ChIP-chip) suggest that at
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least two-thirds of Arabidopsis genes contain at least one type of H3K4 methylation (Zhang et al,
2009). A similar analysis revealed that more than 17% of expressed genes contain H3K27me3
(Zhang et al, 2007).

1.2.1. Chromatin regulation influences plant growth and development
Chromatin modifications play an important role in every aspect of plant growth and development
(Berr et al, 2011; Jarillo et al, 2009; Lodha et al, 2008). Unlike the circadian clock, there is
evidence that chromatin modifications regulate both cell division and elongation in higher plants
(Jarillo et al, 2009). But like the circadian clock, the influence of chromatin regulation on plant
development starts in the seed (Chinnusamy et al, 2008; Jarillo et al, 2009). Histone methylation
plays an important role in seed germination. For instance PICKLE (PKL), a CHD3 subfamily
ATP-dependent chromatin remodeler (Zhang et al, 2008), is necessary to promote germination
(Perruc et al, 2007). Activating and silencing histone methylation marks are also implicated in
regulation of plant senescence (Brusslan et al, 2012). Arabidopsis has 47 histone
methyltransferases, which are referred to as SET domain proteins (Ng et al, 2007). They are
involved in regulating multiple developmental processes other than seed germination through
transcriptional activation (e.g. H3K4me, H3K36me) or repression (e.g. H3K9me, H3K27me) and
therefore many of the SET gene mutants have pleiotropic phenotypes (Berr et al, 2010a; Berr et
al, 2010b; Dong et al, 2008; Thorstensen et al, 2011; Yao et al, 2013).

Unlike H3 methylation at lysine 9 and 27, which are associated with low gene expression levels,
histone acetylation is associated with active gene transcription. Histone H3 and H4 acetylation
and deacetylation were shown to play important roles in photomorphogenesis, root development
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and floral induction (Benhamed et al, 2006; Servet et al, 2010). As a result histone acetylase and
decetylase mutants also generally have pleotropic growth phenotypes (Benhamed et al, 2006;
Hollender & Liu, 2008). Both histone acetylation and methylation are combined to fine-tune
plant responses to growth stimuli. For instance during deetiolation (upon exposure light)
acetylation and trimethylation of lysines 9 and 27 on histone H3 (H3K9ac, H3K9me3, H3K27ac,
and H3K27me3) are associated with the activation or repression, respectively of genes involved
in photomorphogenesis (Charron et al, 2009). Like histone deacetylation, histone demethylation
especially mediated by Jumonji proteins also plays a crucial role in plant growth and
development (Chen et al, 2011). For instance two Jumonji N/C (JmjN/C) domain-containing
proteins ELF6 (early flowering 6) and its homolog REF6 (relative of early flowering 6) associate
with BR signaling components and affect expression of BR target genes by demethylation of
H3K9 (Yu et al, 2008).

Another influential chromatin modification is histone H2B monoubiqutination (H2Bub) which
influences many developmental processes in plants from seed germination to flowering (Berr et
al, 2011; Bourbousse et al, 2012; Fleury et al, 2007; Liu et al, 2007; Wright et al, 2011).H2Bub
is a mark associated with transcriptional activation and facilitate the processivity of RNA Pol II
by acting with the histone chaperone FACT (FAcilitates Chromatin Transcription) (Pavri et al,
2006). H2Bub promotes methylation of H3K4me2 and H3K4me3 (Soares & Buratowski, 2013),
providing an additional example of crosstalk between histone modifying pathways.

In addition to posttranslational chromatin modifications, ATP-dependent chromatin remodeling
also plays an important role in plant growth and development. The SWR1 complex (SWR1C/PIE
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complex) replaces the canonical histone H2A with the variant H2A.Z to create a nucleosome
with a more open confirmation, facilitating the binding of other regulatory proteins (March-Diaz
et al, 2008; Raisner & Madhani, 2006). This chromatin remodeling pathway regulates many
developmental processes in plants such as flowering (March-Diaz & Reyes, 2009). Therefore
like many other chromatin modifying proteins discussed above, mutants of the components of
the SWR1 complex have pleiotropic developmental defects (Choi et al, 2007).

Like other chromatin modifications discussed above DNA methylation and demethylation also
influences plant development from embryogenesis to flowering (Finnegan et al, 2000; Ikeda &
Kinoshita, 2009; Vaillant & Paszkowski, 2007; Zhang et al, 2010). Gene promoter DNA
methylation is associated with gene silencing whereas gene body DNA methylation is not
directly related to gene regulation but is thought to prevent incorporation of H2A.Z (ColemanDerr & Zilberman, 2012b; Zilberman et al, 2008). Interestingly DNA methylation and other
chromatin modifications crosstalk with each other in regulating plant development. For instance,
histone methylation and demethylation crosstalk with each other and with DNA methylation in
regulating genes and transposons and thereby play important roles in plant growth and
development (Chen et al, 2011; Ebbs & Bender, 2006; Lindroth et al, 2004). Moreover non-CG
methylation at both RNAi-directed DNA methylation (RdDM) targeted loci and RNAi
independent loci is regulated by or cross talk with Jumonji histone demethylases (Chen et al,
2011).
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1.2.2. Chromatin regulation of flowering
Flowering/floral induction is a developmental process highly regulated by multiple chromatin
regulatory processes (He, 2012). Most research in chromatin regulation of flowering time is
focused on the central floral repressor FLOWERING LOCUS C (FLC), a repressor of the
expression of major floral integrators SOC1 and FT (Fornara et al, 2010). In addition, expression
of FT itself is affected by chromatin modifications (He, 2012). FLC expression is induced by the
FRIGIDA (FRI) complex to a level that effectively suppresses flowering (Choi et al, 2011).
Therefore in Arabidopsis, the vernalization requirement/winter-annual habit is typically
established by active alleles of FRI and FLC (Jiang et al, 2009; Johanson et al, 2000).

The FRI complex binds to the FLC promoter, recruits the SWR1 complex (SWR1C/ PIE
complex) and leading to H2A replacement with the H2A.Z variant and the consequent promotion
of FLC expression (Choi et al, 2011; Choi et al, 2007). Similarly FT transcriptional activation
also involves SWR1C mediated H2A.Z deposition (He, 2012). FRI complex also promotes FLC
expression via histone modifications, such as H3K4me3 and H3K36me and H2Bub (He, 2012).
Tri-methylation of histone H3 at lysine 4 requires four H3K4 methyltransferases: the
ARABIDOPSIS TRITHORAX1 (ATX1), ATX2, ATX-RELATED7/SET DOMAIN GROUP25
(ATXR7/SDG25) and ATXR3/ SDG2 (Berr et al, 2009; Jiang et al, 2009; Jiang et al, 2011; Pien
et al, 2008; Tamada et al, 2009; Yun et al, 2012). In rapid-cycling accessions of Arabidopsis
such as Col-0, which lacks a functional FRI, FLC gene silencing involves multi layered
chromatin repression (He, 2012) and multiple long noncoding RNAs (lncRNAs) (Yamaguchi &
Abe, 2012).
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1.2.3. Chromatin regulation and stress signaling
Like the circadian clock, chromatin modifications play important roles in stress signaling (Kim et
al, 2010; Luo et al, 2012a). Chromatin modifications help plants to optimize their growth to a
changing environment via acclimatization in preparation to stress, by response to the stress when
faced with it and by reprogramming back to the normal developmental program once the stress
has passed (Pecinka & Mittelsten Scheid, 2012). For instance, histone acetylation and
deacetylation are two important histone modifications involved in stress signaling (Luo et al,
2012a). Using mutant analyses and chromatin immunoprecipitation assays Kim et al. (2009b)
revealed that the histone acetyltransferase GCN5 (General control non-repressed protein5) is
required for the expression of a subset of stress-inducible miRNA genes and it executes that
possibly through acetylation of histone H3 lysine 14 at these loci. Other examples include plant
responses to cold and drought stress. The C-repeat binding factors (CBFs) regulate the coldresponsive (COR) genes to confer low temperature stress tolerance (Zhou et al, 2011) by
promoting H3 acetylation and reducing nucleosome occupancy at COR promoter regions
(Pavangadkar et al, 2010). Similarly, H3K4me3, H3K9ac, H3K14ac, H3K23ac and H3K27ac
modifications play an important role in activating a number of Arabidopsis drought stressinducible genes under drought stress conditions (Kim et al, 2012a; Kim et al, 2008b).

Many chromatin modifications are also crucial for hormone mediated biotic and abiotic
responses. Both histone acetylation-deacetylation and methylation play an important role in ABA
mediated and independent dehydration stress tolerance in seeds and plants (Berr et al, 2011;
Ding et al, 2011; Ndamukong et al, 2010; Perruc et al, 2007; Thorstensen et al, 2011). Histone
methylation, especially mediated by the H3K36me transferase SDG8 is implicated in plant
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defense against fungal pathogens, presumably by regulating a subset of genes within and
upstream of the JA and/or ethylene signaling pathways (Berr et al, 2010a). Loss-of-function
mutant sdg8-1 displays reduced resistance to Alternaria brassicicola and Botrytis cinerea. (Berr
et al, 2010a). Chromatin modifications are also implicated in BR signaling as well (Shigeta et al,
2011; Yu et al, 2008).

Similar to posttranslational modifications of histones, the H2A.Z variant also plays important
roles in the control of stress related genes. Replacement of H2A with H2A.Z is thought to
suppress biotic and abiotic stress-induced genes under none-stress conditions (Coleman-Derr &
Zilberman, 2012a; Kumar & Wigge, 2010; March-Diaz et al, 2008), helping to appropriately
fine-tune growth and development. In Arabidopsis, microarray analysis of SWR1 complex and
H2A.Z mutants suggested that majority of mis-regulated genes are related to salicylic aciddependent immunity. In accordance with this molecular phenotype, these mutant plants exhibited
spontaneous cell death and enhanced resistance to the phytopathogenic bacteria Pseudomonas
syringae pv. tomato (March-Diaz et al, 2008). Similarly, a positive correlation was observed
between H2A.Z deposition in gene bodies and levels of gene expression under biotic and abiotic
stresses (Coleman-Derr & Zilberman, 2012a).
	
  
1.3.0. Crosstalk between the circadian clock and chromatin regulation
As discussed in detail above, plants rely on both the circadian system and chromatin regulation
processes to time their physiological processes to coincide with the correct environmental
conditions. Indeed crosstalk between these two pathways has been observed in plants and many
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other organisms (Gallego & Virshup, 2007; Grimaldi et al, 2009; Grimaldi et al, 2007; Herrero &
Davis, 2012; Nakahata et al, 2007). Crosstalk may occur at three different levels:

1. A central clock protein itself is a chromatin regulatory protein and exerts its regulatory role
through catalyzing chromatin modifications.
2. A central clock gene is regulated by chromatin modifications and in turn regulates
downstream genes.
3. A central clock gene regulates the expression/action of a chromatin regulatory protein gene
that causes changes in expression of its target genes.

1.3.1. Central clock genes as chromatin regulatory proteins?
Central clock genes can in fact be regulators of chromatin. In the human circadian system, one of
the central clock proteins, CLOCK is a histone acetyltransferase (Doi et al, 2006). The circadian
clock in mammals involves a transcriptional negative-feedback loop whereby a CLOCK and
BMAL1 complex activates transcription of the genes encoding the proteins PER1 (Period1),
PER2, CRY1 (Cryptochrome1) and CRY2, which feed back to inhibit the activity of CLOCK–
BMAL1 (Grimaldi et al, 2007). Doi et al. (2006) reported that CLOCK acetylates H3K14 at
promoters of clock-controlled genes, potentially activating them. It also acetylates highly
conserved Lys 537 residue of BMAL1, a none-histone clock protein and BMAL1 acetylation
facilitates recruitment of CRY1 to CLOCK-BMAL1 complex, promoting transcriptional
repression (Hirayama et al, 2007). There aren't any reports to suggest that any of the known
central clock protein in plants has a chromatin regulatory function. However Jumonji D5
(JMJD5/JMJ30), an evening-phased gene with roles in the plant and human clocks has been
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reported to have histone demethylase activity (Hsia et al, 2010; Ishimura et al, 2012; Jones et al,
2010; Lu et al, 2011). However Del Rizzo et al. (2012) reject the claim of this histone
demethylase activity based on structural analyses.

1.3.2. Chromatin modification-mediated central clock gene regulation and circadian clockregulated chromatin modifications
As pointed out above (section 1.3.0), chromatin modifications are prevalent throughout the
Arabidopsis genome (Roudier et al, 2011; Zhang et al, 2009; Zhang et al, 2007). Moreover
chromatin modification processes have been implicated in the control of light-responsive gene
expression and photomorphogenesis (Jarillo et al, 2009) and many clock genes are
transcriptionally or post transcriptionally light regulated (Harmer, 2009). Therefore it seems
likely that both central clock genes and clock-controlled genes are influenced by chromatin
modification processes. Recent studies in Arabidopsis have also shown that the transcriptional
regulation of few central clock genes is associated with rhythmic changes in chromatin structure
(Stratmann & Mas, 2008).

Multiple chromatin regulatory processes are implicated in regulation of expression of central
clock genes. Malapeira et al. (2012) showed using ChIP-qPCR and pharmacological studies that
the peak-to-trough circadian oscillation correlates with the sequential accumulation of histone
H3 acetylation (H3K56ac, H3K9ac) and H3K4 methylation (H3K4me3, H3K4me2). Use of
drugs to inhibit histone acetylation and H3K4 trimethylation abolishes oscillator gene
expression. PRR5 is a transcriptional repressor of CCA1 and LHY, (Nakamichi et al, 2010).
Using dexamethasone inducible PRR5-OX lines and nicotinamide treatments (decrease
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H3K4me3), Malapeira et al. (2012) also showed that H3K4me3 modification is essential to
prevent the binding of PRR5 on promoters of CCA1 and LHY and thereby induce their
transcription. Song and Noh (2012) also reported similar rhythmic histone modifications at the
LHY, CCA1, and TOC1 loci and their positive correlations with the transcript levels of these
genes.

Regulation of transcript levels of TOC1 is a classic example for both chromatin modificationsmediated control of a central clock gene expression and circadian clock mediated chromatin
modifications. TOC1 circadian induction and silencing are accompanied by clock-controlled
cycles of histone acetylation and deacetylation at the TOC1 locus (Farinas & Mas, 2011; Perales
& Mas, 2007). At dawn, the morning phased central clock protein CCA1 binds to an evening
element (EE) in the TOC1 promoter (Alabadi et al, 2001) and this binding is associated with
reduced histone deacetylation, perhaps contributing to low TOC1 expression in the morning
(Perales & Mas, 2007). In the afternoon, the central clock protein RVE8 binds to the evening
element of the TOC1 promoter (Rawat et al, 2011) and this binding is associated with histone
acetylation, likely to promote TOC1 expression at dusk (Farinas & Mas, 2011).

In addition to the above histone modifications, histone H2B monoubiquitination may also play a
role in modulating the transcription of central clock genes in Arabidopsis (Himanen et al, 2012).
Mutant analysis of HISTONE MONOUBIQUITINATION1 (HUB1), which mediates histone
H2B monoubiquitination suggests that H2Bub is required for H3M4me3 modification and
subsequent chromatin modifications to reach maximal transcript levels of circadian clock genes
including CCA1 and LHY.
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1.5. XAP5 CIRCADIAN TIME KEEPER (XCT): A protein of both worlds?
As discussed above (section 1.1), the identified components of the plant circadian clock are not
sufficient to explain how the circadian system controls such diverse biological processes. Thus
new clock components need to be identified and functionally characterized. To uncover new
components of the A. thaliana circadian clock, seeds were mutagenized with ethyl
methanesulfonate (EMS) and M2 progeny with altered free-running rhythms were identified.
One such short period mutant has an alteration within the XAP5 CIRCADIAN TIME KEEPER
(XCT) gene (Martin-Tryon & Harmer, 2008). XCT null mutant (xct-2) exhibits both circadian
clock and photomorphogenic growth phenotypes. The growth but not circadian phenotypes differ
depending upon the wavelength: xct-2 mutants have a clock with a free running period of
approximately 2.5 hours shorter period than that of wild type in all light conditions tested; in
contrast xct-2 hypocotyl growth is hyposensitive to red light whereas it is hypersensitive to blue
or white light. Moreover xct-2 mutants have greatly reduced rubisco protein levels and young
tissues have a yellow appearance (Martin-Tryon & Harmer, 2008). I, now show that these
mutants also have reduced chlorophyll content and smaller rosette diameter (Chapter 2). I also
show that the xct-2 mutant plants flower early in long days (Chapter 2).

XCT is also involved in blue light-dependent ethylene responses in the aerial tissues of
Arabidopsis seedlings (Ellison et al, 2011). This results in sugar-specific hypocotyl growth
defects, in which xct-2 mutants are short in blue light when grown on a sucrose-rich medium but
tall when grown on sucrose-deficient medium. I, now show here that (Chapter 3) XCT is
possibly involved in thermal stress response pathway and directly or indirectly regulate the
expression of multiple central clock genes under suboptimal temperatures. In summary mutating

	
  

21	
  

XCT causes both circadian and pleiotropic growth and developmental defects. Since circadian
clock closely regulates growth, development and stress responses, theses analyses suggest that
though XCT may not be a clock protein per se, it could be a new link that connects growth,
development and stress responses the circadian clock.

The XCT protein is highly conserved among many eukaryotes, including human, suggesting it
may have a common function in these organisms (Martin-Tryon & Harmer, 2008). RNA
interference–mediated downregulation of the XCT homolog in Caenorhabditis elegans causes
embryonic lethality, suggesting an early and essential developmental requirement for this protein
in this nematode (Piano et al, 2002). The human XAP5 gene located in the Xq28 region, where
many disease genes map (Kolb-Kokocinski et al, 2006) and has trinucleotide CCG repeats in the
5’ UTR, leading to the speculation that XAP5 may be implicated in human disease (Mazzarella
et al, 1997). The paternally imprinted autosomal paralog of human XAP5, XAP5-like is located at
6p25.2, another hotspot for genes involved in human diseases and developmental disorders
(Zhang et al, 2011a). In addition, the human Xap5 homolog may be involved in biotic stress
responses, as Xap5 protein levels are elevated in human adults with sepsis caused by
Acinetobacter baumannii (Soares et al, 2009). I now show that under sub-optimal environmental
conditions fission yeast Schizosaccharomyces pombe Δxap5 mutants have slow-growth
phenotypes and elevated expression of many genes involved in stress responses (Chapter 2). I
have also demonstrated that Arabidopsis XCT and fission yeast xap5 are able to rescue multiple
mutant phenotypes across species, further suggesting functional conservation between these
yeast and plant proteins (Chapter 2). Together, these observations demonstrate that Xap5
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proteins share common molecular functions in diverse eukaryotes and suggest they may act in
similar biological pathways.

Despite the conservation of Xap5 proteins across eukaryotes, the cellular function of these
proteins has not been described in any organism. The XCT protein contains an XCHROMOSOME ASSOCIATED PROTEIN5 (XAP5) domain, a region with unknown
biochemical function. Comparison of amino acid sequences revealed that the XAP5 domains are
94% identical between A. thaliana and rice, 64% identical between A. thaliana and human, 47%
identical between A. thaliana and C. elegans, and 39% identical between A. thaliana and S.
pombe. (Martin-Tryon & Harmer, 2008). The amino acid identity between the XAP5 orthologs
of A. thaliana and S. pombe is quite impressive considering that these species diverged more
than one billion years ago is considered (Sipiczki, 2000). Hence, I used fission yeast to
characterize the cellular function of the XCT protein. I demonstrate that XCT is a novel
chromatin regulatory protein and functions with multiple known chromatin regulators in fission
yeast (Chapter 2). In total these data suggest that XCT is a novel circadian associated chromatin
regulator that is associated with the regulation of the plant circadian clock, growth, development
and stress responses.
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Chapter 2: Molecular Characterization xap5 Gene in Schizosaccharomyces pombe: XChromosome Associated Protein 5 (Xap5) is a Novel Chromatin Regulator Conserved in
Eukaryotes

The high-throughput genetic interaction analysis (E-MAP) experiments and data processing
were performed by Assen Roguev, a postdoctoral researcher in Nevan J. Krogan’s laboratory at
the Department of Cellular and Molecular Pharmacology, University of California, San
Francisco. The ChIP-chip experiments and data processing were performed by Martin Zofall, a
postdoctoral researcher in Shiv Grewal’s laboratory at the Laboratory of Biochemistry and
Molecular Biology, National Cancer Institute.
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Abstract
Chromatin regulatory proteins control expression not only of genes but also of non-coding,
intergenic, and anti-sense transcripts, in some cases using mechanisms conserved across the
eukaryotes. These regulatory proteins include enzymes that post-translationally modify histones,
proteins that read these histone marks, and histone variants such as H2A.Z. Despite the
fundamental roles of chromatin regulatory proteins, the mechanisms by which they function are
incompletely understood. A genome-wide study of epistatic genetic interactions in
Schizosaccharomyces pombe led to our identification of X-chromosome associated protein 5
(Xap5) as a candidate chromatin regulatory protein. Consistent with a role for Xap5 in
chromatin regulation, yeast mutant for xap5 or for the histone variant h2a.z (pht1) share a
number of phenotypes, including upregulation of protein-coding, anti-sense, and intergenic
transcripts. The ∆xap5 and ∆h2a.z mutants interact genetically and their genome-wide
transcriptomes are highly correlated. In addition, association of both Xap5 and Pht1/H2A.Z
proteins is significantly enriched at specific chromatin regions that are derepressed in both
mutants, such as those containing retrotransposons, long terminal repeats or wtf repeat elements.
The transcriptomes of ∆xap5 and yeast mutants for the H3K9 methyltransferase clr4, the histone
deacetylases clr6 and clr3, and the RITS component dcr1 are correlated, further supporting a role
for Xap5 in chromatin regulation. Remarkably, expression of the Arabidopsis thaliana gene
XCT, an ortholog of xap5 rescues both its molecular and growth phenotypes in yeast ∆xap5
mutants whereas expression of the fission yeast xap5 in plant xct-2 mutants rescues a subset of
phenotypes. Thus Xap5 is a novel, evolutionarily conserved eukaryotic chromatin associated
protein that acts in similar pathways as Pht1/H2A.Z to regulate gene expression.
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Introduction
Recent studies in diverse eukaryotes have revealed that much of the genome, including repeated
sequences and intergenic regions as well as both the sense and antisense strands of genes, is
transcribed at least at low levels (Djebali et al, 2012; Rhind et al, 2011). Global regulation of
transcription is key for organisms to succeed in any given environment but this is especially true
under stress (Cam et al, 2005; Weiner et al, 2012; Woolcock et al, 2012; Zhu et al, 2012).
Repression of aberrant transcripts including transposons, long terminal repeats (LTRs) and other
repeat elements and antisense transcripts is as vital as the regulation of protein coding genes for
that success (Cam et al, 2005; Hansen et al, 2005; Lorenz et al, 2012). In the cell, DNA is tightly
associated with histones and other chromatin proteins that control its accessibility to the
transcriptional machinery. Chromatin properties, and therefore transcription of DNA, are in
large part determined by post-translational modifications of histones and the incorporation of
variant histones in nucleosomes (Berger, 2007; Kouzarides, 2007; Li et al, 2007).

Numerous chromatin-modifying enzymes have been assigned roles in both regulation of gene
expression and silencing of repeated sequences. In Schizosaccharomyces pombe the histone H3
lysine 9 (H3K9) methyltransferase Clr4, the histone H3 lysine 4 (H3K4) methyltransferase Set1,
and the histone deacetylases Clr6 and Clr3 are a few of the key modifiers of chromatin. The
targeting of such enzymes to specific regions of the genome is mediated at least in part via the
action of components of the RNAi machinery/RNA-induced transcriptional silencing (RITS)
complex such as Dcr1 and Ago1 (Gullerova & Proudfoot, 2008; Woolcock et al, 2011; Zhang et
al, 2011b). In addition to their roles in heterochromatin formation and maintenance, all of the
above proteins also play very important roles in repressing transcription of aberrant transcripts
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across the genome. Both retrotransposon Tf2 LTRs and open reading frames (ORFs) and wtf
(“with tf1- or tf2-type LTR”) elements are derepressed in ∆clr4, clr6-1, clr6-1∆clr3, ∆dcr1, and
∆ago1 mutants (Hansen et al, 2005; Woolcock et al, 2011). Moreover levels of antisense
transcripts at euchromatic loci are also elevated in these mutants, most notably in ∆clr4 and
∆ago1 (Zofall et al, 2009).

Like chromatin modifying enzymes, the H2A variant H2A.Z also plays a key role in
transcriptional regulation in eukaryotes (Guillemette & Gaudreau, 2006; Hardy et al, 2009;
Marques et al, 2010). Though H2A.Z containing nucleosomes are often found near the promoters
of actively transcribed genes and it is therefore generally considered to promote transcription,
H2A.Z also plays an important role in suppressing aberrant transcripts (Hardy et al, 2009; Zofall
et al, 2009). Zofall et al. (Zofall et al, 2009) reported that mutating h2a.z (pht1) in fission yeast
increases the levels of antisense transcripts, particularly read-through transcripts. They also noted
that combining the h2a.z (pht1) mutation with mutations in the above-mentioned chromatin
modifying enzyme genes synergistically elevates antisense transcript levels. Furthermore
Pht1/H2A.Z also collaborates with RITS in repressing read-through antisense transcription at
convergent genes (Gullerova & Proudfoot, 2008; Zofall et al, 2009). A better understanding of
chromatin regulation will therefore produce insights into not only how normal genes are
regulated but also how aberrant transcripts are suppressed.

A proven means of identifying previously unknown chromatin-associated genes is the epistatic
miniarray profile (E-MAP) method (Roguev et al, 2008; Roguev et al, 2007; Shevchenko et al,
2008). In this technique, pairwise quantitative genetic interactions are assessed across a large
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fraction of the yeast genome. Genes with correlated genetic interactions are frequently found to
function in the same cellular pathways (Collins et al, 2007; Shevchenko et al, 2008). We recently
carried out an E-MAP experiment assessing the genetic interactions of X-chromosome associated
protein 5 (xap5) with approximately half of the S. pombe genome. Xap5-like proteins are highly
conserved across eukaryotes, with approximately 50% amino acid identity between the Xap5
proteins of higher plants and animals and 32% identity between the fission yeast and human
proteins (Martin-Tryon & Harmer, 2008). These proteins are found in the nuclei of both yeast
and plant cells (Martin-Tryon & Harmer, 2008; Matsuyama et al, 2006). Knockdown of xap5
expression in Caenorhabditis elegans causes embryo lethality (Piano et al, 2002) whereas
Arabidopsis thaliana mutant for the xap5 homolog XCT are viable but have circadian and
developmental defects (Ellison et al, 2011; Martin-Tryon & Harmer, 2008). The human XAP5
gene located in the Xq28 region, where many disease genes map (Kolb-Kokocinski et al, 2006)
and has trinucleotide CCG repeats in the 5’ UTR, leading to the speculation that XAP5 may be
implicated in human disease (Mazzarella et al, 1997). In addition, the paternally imprinted
autosomal paralog of human XAP5, XAP5-like is located at 6p25.2, another hotspot for genes
involved in human diseases and developmental disorders. The XAP5-like gene may play a role in
spermatogenesis and carcinogenesis since frequent loss of imprinting and deregulation of
expression of the gene was observed in testicular germ cell tumors (Zhang et al, 2011a).

Despite the conservation of Xap5 proteins across eukaryotes, the cellular function of these
proteins has not been described in any organism. We now report that the S. pombe and A.
thaliana Xap5-like proteins are functionally conserved despite the over one billion years of
evolution separating these species (Sipiczki, 2000). We find that the genetic interactions of S.
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pombe xap5 are correlated with those of known chromatin-regulatory genes and that xap5 has
strong genetic interactions with set1 and the S. pombe H2A.Z ortholog pht1. Remarkably,
H2A.Z and Xap5 act synergistically to control expression of protein-coding, antisense, and
intergenic transcripts including retrotransposons, LTRs and wtfs. Both the Xap5 and H2A.Z
proteins are associated with chromatin and are significantly enriched at many of these
derepressed repeat element loci. Thus Xap5 is a novel, evolutionarily conserved chromatin
binding protein with important functions in the regulation of chromatin.

Results
Arabidopsis thaliana XCT rescues the slow growth phenotype of yeast Δ xap5 mutant
In an effort to characterize the function of a Xap5-domain protein in a simple eukaryote, we
obtained S. pombe with a deletion in xap5 (SPCC1020.12c/SPCC14G10.06). As previously
reported, xap5 is non-essential under optimal growth conditions (Decottignies et al, 2003). We
therefore characterized Δxap5 phenotypes in different growth media at different temperatures. In
minimal media (EMM50), Δxap5 grows slightly more slowly than wild type at 30 °C (Figures
2.1A and 2.1D). This is exacerbated under non-optimal growth temperatures such as 37 °C
(Figures 2.1B and 2.1E) or 21 °C (Figures 2.1C and 2.1F).
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Figure 2.1: The yeast and plant Xap5 homologs play a conserved role in S. pombe
Growth curves for S. pombe Δxap5 mutants grown in EMM50 at 30°C (A, D), at 37 °C (B, E)
and at 21 °C (C, F). The Arabidopsis XCT gene rescues the slow growth phenotype of Δxap5 (G,
H) grown in EMM50 at 21 °C. Asterisks denote statistical significance (D-F, Student’s t-test and
H, one-way ANOVA with Bonferroni’s multiple comparison test, * indicates p=0.0023, **
indicates p=0.0001, *** indicates p<0.0001) and the error bars show SEM.
	
  

Xap5 family proteins are highly conserved across eukaryotes, suggesting that they may have
similar molecular functions in diverse organisms (Martin-Tryon & Harmer, 2008). Arabidopsis
plants mutant for the Xap5 homolog XCT have multiple phenotypes, including alterations in
growth responses to the environment (Ellison et al, 2011). We therefore tested whether XCT
could rescue S. pombe mutant for xap5, transforming the plant XCT cDNA under the
transcriptional control of S. pombe nmt1 promoter into Δxap5 mutant cells. The growth kinetics
of wild type, Δxap5 mutants transformed with either plant XCT (Δxap5-XCT), or S. pombe xap5
(Δxap5-xap5) grown at 21 °C are virtually indistinguishable (Figures 2.1G and 2.1H). In
contrast, Δxap5 and Δxap5 transformed with an empty expression vector (Δxap5-vector) grow
much more slowly. Indeed the generation time (time required for cell doubling to occur) is
almost two-fold longer for the Δxap5 mutant than the XCT and xap5 transformants (Figures 2.1G
and 2.1H). These results indicate that S. pombe xap5 and Arabidopsis XCT genes share a
common function in S. pombe, suggesting that an investigation of the role of Xap5 in fission
yeast will allow better understanding of the role of Xap5 homologs across the eukaryotes.

Schizosaccharomyces pombe Xap5 rescues a subset of phenotypes in xct-2 mutant plants.
We next determined whether the yeast Xap5 protein could assume functions normally carried out
by XCT in plants. Arabidopsis xct-2 plants, mutants that do not express detectable levels of XCT
transcript (Martin-Tryon & Harmer, 2008), were transformed with xap5-cDNA fused to the
native XCT promoter (xct-2-XCT::xap5). The reduced chlorophyll content (delayed greening)
and smaller rosette diameter phenotypes of xct-2 mutants are both rescued (Figure 2.2A, 2.2B
and 2.2E), as is the early flowering phenotype in long days (Figure 2.3). In contrast, xap5 fails to
rescue the hypocotyl and circadian clock phenotypes of xct-2 mutants (Figure 2.2C and 2.2D).	
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Figure 2.2: The S. pombe xap5 gene fully complements a subset of xct-2 phenotypes.
Multiple independent xct-2 CCR2::LUC T3 lines expressing xap5 under the control of the XCT
promoter were generated. (A) Chlorophyll content was assessed in 6-day old seedlings. (B)
Rosette diameter was measured in 4-week old plants grown on soil in 16 hr light:8 hr dark
cycles. (C) Hypocotyl length was measured in 6-day old seedlings grown in continuous
monochromatic red light of 10 µmol m-2 s-1. (D) Circadian period was determined by monitoring
CCR2::LUC luciferase activity in plants maintained in constant monochromatic red light of 35
µmol m-2 s-1. (E) Representative examples of wild-type, mutant, and xap5-transformed plants.
Note the smaller rosette diameter and the pale green color of the apical tissue of the xct-2 plant.
Asterisks group the statistically significantly different (p<0.05) genotypes (One-way ANOVA
with Bonferroni’s multiple comparison test). n = between 18 and 30. Error bars represent SEM.
The data are representative of 3 biological replicates.
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Interestingly the circadian periods of all the S. pombe xap5 transformed lines are significantly
(p<0.05) shorter than xct-2 mutant plants. Moreover, in red light the mean hypocotyl lengths of a
few lines are longer than that of the xct-2 mutant plants (Figure 2.2C). However these data
suggest that Xap5 and XCT are at least partially functionally conserved in Arabidopsis.
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Figure 2.3: S. pombe Xap5 rescues the xct-2 early flowering phenotype. Plants were grown in
long days and flowering time assessed by counting the number of rosette leaves present when a 1
cm floral bolt had emerged. S2X5-1 - S2X5-7 are independent T3 xct-2-XCT::xap5+
CCR2::LUC lines. n=18 per genotype. Asterisks group the statistically significantly different
(p<0.05) genotypes (one-way ANOVA with Bonferroni’s multiple comparison test). Error bars
represent SEM. The data are representative of three biological replicates.
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Genetic interaction analysis of xap5
Although Xap5 proteins are highly conserved across eukaryotes, their biochemical functions are
currently unknown. We therefore performed a high-throughput genetic interaction analysis in S.
pombe to obtain evidence regarding pathways in which xap5 might function. We used the EMAP method, which measures the strength and significance of genetic interactions based upon
quantitative growth rate measurements and assigns a genetic interaction score (S-score; Collins
et al (2006)). A negative S-score indicates an aggravating while a positive S-score indicates an
alleviating genetic interaction, with deletions of genes that function in the same pathway often
displaying positive S-scores and similar genetic interaction profiles (Collins et al, 2007). At an
optimal growth temperature (30 ºC), only a few mutants have a significant genetic interaction
with Δxap5; however, when yeast are grown at suboptimal temperatures (20 °C and 37 °C) many
genes show significant genetic interactions with ∆xap5 (Supplemental Data 2.1). Out of the 2238
genes tested, we found that 324 genes have significant genetic interactions with xap5 at 37 ˚C
and 172 at 20 ˚C. Importantly, there is considerable overlap between the sets of interacting
genes at these two temperatures (Figure 2.4B, Fisher’s exact test, p < 2.2e-16). Moreover, the
gene ontology (GO) distributions for biological process (Figure 2.4A) and the S-score profiles
(Figure 2.4C) for the mutants that significantly genetically interact with Δxap5 at 37 ºC and 20
ºC are similar.
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Figure 2.4: xap5 exhibits similar genetic interactions at 37 °C and 20 °C (A) GO category
distribution for biological function of the genes significantly genetically interacting with xap5 at
37 °C and 20 °C. (B) Number of genes significantly interacting with xap5 at 37 °C and 20 °C
and the overlap (the degree of overlap is greater than expected by chance; Fisher’s exact test,
p<2.2e-16). (C) Heatmap of the S-score profiles of all genetic interactions. S-scores of individual
genes are indicated with continuous white lines while dotted white lines mark the origins (0) of
the X-axes.

To identify pathways in which Xap5 might act, we looked for enrichment of particular GO terms
among mutants that significantly interact with Δxap5 or that have similar genetic interaction
profiles. Mutants that positively interact with Δxap5 at 37 ˚C are enriched for	
   histone
modification (GO ID 16570, p=0.035) and covalent chromatin modification (GO ID 16569,
p=0.035) functions. In addition, of the 953 mutants (872 genes) previously subjected to E-MAP
analysis, those with similar genetic interactions as Δxap5 (positively correlated genes)
(Supplemental Data 2.1) are enriched for roles in chromatin modification-mediated
transcriptional control (Table 2.1, Figure 2.5A). Individual mutants with genetic interaction
profiles similar to Δxap5 include genes that function in many well-known chromatin remodeling
protein complexes including multiple members of both the Set1C/COMPASS complex, which is
involved in H3K4 methylation, and the Swr1C complex, which catalyzes the deposition of the
histone variant H2A.Z (encoded by the pht1 gene) into chromatin (Figures 2.5 A–C, Table 2.2).
Pht1/H2A.Z contains four lysine residues at its N-terminus that are essential for function (Kim et
al, 2009a). We found that mutants in which either all of these lysines were mutated to
unacetylatable residues or the N-terminus was deleted were significantly correlated with
Δxap5. Since these mutants phenocopy the pht1 deletion mutant (Kim et al, 2009a), we
compared genome-wide gene expression profiles of yeast with deletions in either xap5 or pht1,
as described in more detail below. The Δpht1 and Δxap5 mutants have highly correlated gene
expression profiles as well as correlated genetic interactions (Figures 2.5B and 2.5D), suggesting
that Xap5 and Pht1/H2A.Z regulate similar loci. Together, these data strongly suggest that Xap5
plays a role in chromatin modification.
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Table 2.1: Significantly enriched GO categories for biological function of genes with genetic
interactions positively correlated with xap5 at 37 °C (p≤0.05)
GO
ID
6338
16568
6325
6476
16575
16197
16570
16569
16043
42147

1.7772E-7

Correcte
Sample
d p-value
frequency
1.4288E-4 28/133, 21%

Background
frequency
71/869, 8.2%

4.7574E-7

1.9125E-4 32/133, 24%

91/869, 10.5%

Description

p-value

chromatin remodeling
chromatin
modification
chromatin
organization
protein amino acid
deacetylation
histone deacetylation
endosome transport
histone modification
covalent chromatin
modification
cellular component
organization
retrograde transport,
endosome to Golgi

1.4478E-5

3.8801-3 32/133 24.06%
9/133, 6.8%
9/133, 6.8%
5/133, 3.8%
19/133, 14.3%

104/869, 12%

3.6422E-5
3.6422E-5
7.8729E-5
8.2841E-5

5.8567E-3
5.8567E-3
8.3255E-3
8.3255E-3

14/869, 1.6%
14/869, 1.6%
5/869, 0.6%
52/869, 6%

8.2841E-5

8.3255E-3 19/133, 14.3%

52/869, 6%

1.0880E-4

9.7197E-3 69/133, 51.9%

322/869, 37%

5.2791E-4

4.2444E-2 4/133, 3%

4/869, 0.46%

Table 2.2: Multiple members of important chromatin remodeling complexes are among
genes with genetic interactions correlated with xap5 at 37 °C and 20 °C
Complex
Set1C/COMPASS
complex
Rpd3L-Expanded
complex
Set3 complex
Swr1 complex

Sample
Sample
Background
frequency
frequency 20°C frequency 37°C
7/119 (5.9%)

5/133 (3.8%)

4/119 (3.4%)

5/133 (3.8%)

3/119 (2.5%)

3/133 (2.3%)

set1, swd1, swd2,
swd3, spf1, ash2, sdc1
rxt2, hif2, prw1, hos2,
8/869 (0.9%)
set3
3/869 (0.3%) hif2, hos2, set3

3/119 (2.5%)

4/133 (3%)

7/869 (0.8%) swr1, msc1, swc5, pht1
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Figure 2.5: ∆xap5 genetic interaction profile is correlated with that of known chromatin
modifiers. (A) Frequency distribution plot of correlation coefficients of the xap5 mutant genetic
interaction profile with that of other mutants. The mutants shown in red and black belong to
Set1C/COMPASS and Swr1C complexes, respectively. In the two pht1 mutant alleles shown, the
four lysines (4K) at the N-terminus were mutated to unacetylatable residues, disrupting their
function (Kim et al, 2009a). (B) pht1 and (C) set1 mutant genetic interaction (S-score) profiles
exhibit statistically significant (Pearson, p < 2.2e-16) correlations with that of xap5 mutant (D)
Transcriptome profiles of Δxap5 and Δpht1 mutants are highly correlated (Spearman, r=0.53, p <
2.2e-16).
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We wished to confirm the genetic interactions between ∆xap5 and selected chromatin mutants.
We therefore investigated genetic interactions between Δxap5 and a few mutants that function in
well-characterized chromatin modifying complexes and have genetic interaction patterns
positively correlated with Δxap5 (Table 2.2). Like Δxap5 mutants, Δpht1 mutants have a subtle
slow growth phenotype in EMM50 at 30 °C (Figures 2.6A and 2.6B) that is aggravated at 37 °C
and 20 °C (Figures 2.6 C-F). The slow growth phenotype of Δxap5 is synergistically exacerbated
when this mutant is combined with the Δpht1 mutation and grown on solid media, a condition
that limits nutrient availability (Figures 2.7A and 2.7B). Like pht1, set1 (which encodes an H3K4
methyltransferase) is also statistically significantly genetically correlated with xap5 (Figures
2.5A and 2.5C). However, in this case we observed an antagonistic genetic interaction between
the set1 and xap5 mutants. Introduction of the ∆set1 mutation rescues the slow growth phenotype
of ∆xap5 (Figure 2.7C). Together, these data suggest that Xap5 plays a role in chromatin
modification, acting in a similar pathway to Pht1/H2A.Z and antagonistically with Set1.

Antisense, intergenic and other non-coding transcripts are misexpressed in the absence of
Xap5
Since both Set1 and Pht1/H2A.Z play roles in the regulation of transcription, we carried out
RNA-seq analysis to characterize the transcriptome of Δxap5 mutants. We also characterized
Δpht1 and Δxap5Δpht1 mutants since our genetic analysis suggests Pht1/H2A.Z and Xap5 may
carry out common functions (Figure 2.5, Figure 2.6 and Figure 2.7). All yeast strains were
grown under a restrictive environmental condition (37 ºC in EMM50).
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Figure 2.6: The S. pombe H2A.Z ortholog pht1 genetically interacts with xap5. Growth
curves for S. pombe Δxap5, Δpht1 and Δxap5Δpht1 mutants grown in EMM50 at 30 °C (A, B),
at 37 °C (C, D) and 21 °C (E, F). Asterisks denote statistical significance (one-way ANOVA
with Bonferroni’s multiple comparison test, * indicates p<0.05, ** indicates p=0.0006, ***
indicates p<0.0001) and the error bars show SEM.
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Figure 2.7: xap5 has opposite genetic interactions with pht1 and set1. (A) Comparison of
growth of Δxap5, Δpht1, Δxap5Δpht1 and wild-type yeast in EMM50 at 30 °C and 37 °C and (B)
at 21 °C in YES and EMM50. (C) Comparison of growth of Δset1 and Δxap5Δset1 mutants at 30
°C in YES and EMM50 with that of Δxap5, Δpht1 and Δxap5Δpht1 mutants.
	
  
	
  

	
  

41	
  

Since it has been previously reported that anti-sense transcript levels are elevated in the ∆pht1
mutant (Zofall et al, 2009), libraries were made using a strand-specific protocol to enable us to
distinguish between sense and antisense transcripts.

As previously reported for Δpht1 (Zofall et al, 2009), we found that hundreds of loci
corresponding to multiple types of transcripts are misregulated in both Δxap5 and Δpht1
(Supplemental Data 2.2; Figure 2.8A; differentially expressed genes are defined as those
misexpressed with p ≤ 0.01 and a fold change ≥ 2). The Arabidopsis XCT gene almost
completely rescues the misregulation of gene expression in Δxap5 (Figures 2.8A and 2.8B),
consistent with its ability to rescue the Δxap5 growth phenotype (Figure 2.1). As described
earlier, the transcriptomes of Δxap5 and Δpht1 mutants are strongly positively correlated (Figure
2.5D). We also found that the Δxap5Δpht1 double mutant displays a synergistic increase in all
types of misregulated transcripts relative to both single mutants (Figure 2.8A), consistent with
Xap5 and Pht1/H2A.Z playing similar but not identical roles. The misregulated loci include
protein coding (both sense and antisense), intergenic, and other non-coding sequences. Notably,
a higher fraction of the misexpressed loci in both Δxap5 and Δpht1 correspond to antisense,
intergenic, or other non-coding transcripts than to sense protein coding transcripts.
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Figure 2.8: Many aberrant transcripts are upregulated in Δ xap5. (A) Types of transcripts
that are differentially expressed in the indicated genotypes. (B) Percent total antisense reads
(antisense reads as a fraction of total reads per library) are significantly upregulated in the
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mutants. Asterisks denote statistical significance (one-way ANOVA with Bonferroni’s multiple
comparison test, * indicates p<0.05, ** indicates p<0.03) and the error bars show SEM. Δxap5XCT is not statistically significantly different than WT. (C) Percentage of sense protein coding
genes and (D) sense non-coding transcripts that are up- and down-regulated in ∆xap5. Venn
diagrams showing the overlap between (E) upregulated and (F) downregulated sense protein
coding genes and (G) upregulated and (H) downregulated sense non-coding transcripts in the
indicated mutants. Percentage of up- and down-regulated (I) antisense transcripts and (J)
intergenic transcripts in ∆xap5. Venn diagrams showing the overlap between (K) upregulated
and (L) downregulated antisense transcripts and (M) upregulated and (N) downregulated
intergenic transcripts in the indicated mutants. Statistical significance of differential expression
was determined using the negative binomial exact test (p≤0.01, fold change≥2).

More than 80% of the loci significantly misregulated in Δxap5, including both coding and noncoding transcripts, are upregulated (Figure 2.8 C–N). Upregulated genes are significantly
enriched for GO categories involved in stress responses (Table 2.3) whereas downregulated
genes are enriched for diverse biological processes including translation and processing of noncoding RNAs (Table 2.4). As expected, given the high correlation between the transcriptomes of
the Δxap5 and Δpht1 mutants (Figure 2.5D), many loci upregulated in Δxap5 are also
upregulated in Δpht1 and Δxap5Δpht1 (Figure 2.8). Notably, centromeres, telomeres and silent
mating-type loci are not expressed in either the ∆xap5 or the Δpht1 mutant, indicating that Xap5
and Pht1/H2A.Z are not essential for maintenance of strongly heterochromatic regions.
Consistent with this, Pht1/H2A.Z has previously been reported to be depleted from regions of
constitutive heterochromatin (Zofall et al, 2009).
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Table 2.3: GO-term enrichment for biological process (p≤0.05) for genes upregulated in the
∆xap5 mutant
GO-ID
33554
9408
6979
61077
34614
51039
5991
90329
45014
42542

	
  

Description
Cellular response to stress
Response to heat
Response to oxidative stress
Chaperone-mediated protein folding
Cellular response to reactive oxygen
species
Positive regulation of transcription,
meiotic
Trehalose metabolic process
Regulation of DNA-dependent DNA
replication
Negative regulation of transcription
by glucose
Response to H2O2
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Corrected
p-value
6.31E-74
3.22E-08
4.00E-07
6.88E-03

Sample
(%)
41.58
3.26
4.47
1.20

Genome
(%)
13.10
0.63
1.26
0.23

1.29E-02

1.55

0.40

1.49E-02

1.03

0.19

1.59E-02

0.86

0.13

2.20E-02

2.06

0.71

2.43E-02

1.03

0.21

4.15E-02

1.03

0.23

Table 2.4: GO-term enrichment for biological process (p≤0.05) for genes downregulated in
the ∆xap5 mutant
GO-ID
42254
34660
34470
6364
45948
6396
43039
10467
10608
46148
42255
51169
6913
6360
9451
30488
1510
31291
6402
956

	
  

	
  

Description
Ribosome biogenesis
ncRNA metabolic process
ncRNA processing
rRNA processing
Positive regulation of translational initiation
RNA processing
tRNA aminoacylation
Gene expression
Posttranscriptional regulation of gene expression
Pigment biosynthetic process
Ribosome assembly
Nuclear transport
Nucleocytoplasmic transport
Transcription from RNA polymerase I promoter
RNA modification
tRNA methylation
RNA methylation
Ran protein signal transduction
mRNA catabolic process
Nuclear-transcribed mRNA catabolic process
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Corrected
p-value
4.86E-27
2.93E-26
3.40E-19
3.86E-18
9.03E-10
4.53E-09
1.34E-08
2.17E-07
2.92E-06
2.67E-04
1.06E-03
3.83E-03
3.83E-03
6.25E-03
1.22E-02
1.46E-02
1.46E-02
3.81E-02
3.93E-02
4.40E-02

Sample
(%)
19.48
18.16
14.61
11.61
3.75
16.10
3.56
34.08
5.99
1.87
1.69
4.68
4.68
1.87
3.37
1.31
1.69
0.56
2.43
1.69

Genome
(%)
6.14
5.56
4.78
3.35
0.69
8.16
0.71
23.77
2.26
0.40
0.38
2.26
2.26
0.57
1.55
0.34
0.54
0.08
1.09
0.63

Antisense transcripts are prominently upregulated in Δxap5 and Δpht1 and are synergistically
overexpressed in the Δxap5Δpht1 (Figure 2.8A). There are different patterns of correlation
between the sense and the antisense transcripts of individual genes. In 41% of the loci with
significantly upregulated antisense transcripts, sense transcripts are significantly (p ≤ 0.01)
downregulated (Figures 2.9A and 2.9B), suggesting a possible involvement of RNAi pathway
mediated silencing. However, 38% of the loci with upregulated antisense transcripts also have
upregulated sense transcripts, and 21% of the loci with upregulated antisense transcripts do not
show significant alterations in levels of sense transcripts (Figures 2.9C and 2.9D and Figure
2.10A). These patterns suggest that the misregulation of sense transcripts in ∆xap5 is not
primarily due to misregulation of antisense transcripts. Many (54%) of the antisense transcripts
detected in Δxap5 map to convergent gene loci that are transcribed from opposite DNA strands,
suggesting these may have resulted from read-through transcription (Figure 2.9E). We confirmed
that this is the case for at least one locus using strand-specific RT-PCR with appropriate primers
(Figure 2.9F). Consistent with that, in significantly upregulated genes we observed more
antisense transcript upregulation at transcription termination sites than at transcription start sites
(Figure 2.9G). More than 90% of the antisense transcripts in the ∆pht1 mutant come from
convergent loci (Zofall et al, 2009). Overall, our data suggest that Xap5 and Pht1/H2A.Z
cooperate to suppress expression of a variety of aberrant sequences, including read-through
transcripts, at loci throughout the S. pombe genome.
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Many repeat elements are significantly upregulated in the Δxap5 mutant
Along with upregulation of protein coding transcripts, we found that many repeat elements,
including retrotransposons (Tf2 elements), LTRs (including those of Tf1 and Tf2), and wtf (with
tf1- or tf2-type LTR) elements are upregulated in Δxap5 (Figure 2.11). Both Tf2 retrotransposon
ORFs and associated LTRs are upregulated not only in Δxap5 but also in Δpht1 and Δxap5Δpht1
(Figures 2.11A and 2.11E). Out of the 238 LTRs annotated in the S. pombe genome, 117 are
expressed in all genotypes, including wild type, according to our RNA-seq data (Supplemental
Data 2.2). Of these 117 LTRs, 21 (~18%), are significantly (p ≤ 0.05) upregulated in ∆xap5, and
28 (24%) are significantly upregulated in ∆pht1. This number increases synergistically to 79
(~67.5%) in the double mutant (Figures 2.11A and 2.11B). Of 25 wtfs in the S. pombe genome,
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17 are significantly (p ≤ 0.01) upregulated in the ∆xap5 mutant and 22 are upregulated in
Δxap5Δpht1 (Figures 2.11C and 2.11D and Figure 2.10B). This pattern suggests that Xap5 and
Pht1/H2A.Z are involved in transcriptionally silencing these repeat elements, indicating that they
have cryptic loci regulator (clr) functions.

Similar upregulation of repeat elements has previously been observed in silencing and RNAi
pathway mutants in fission yeast (Hansen et al, 2005; Woolcock et al, 2011). Moreover, the
combination of such mutants with Δpht1 has been shown to synergistically increase expression
of antisense RNAs (Zofall et al, 2009). We therefore compared the misregulation of gene
expression we observed in Δxap5 using RNA-seq with previously published microarray data
characterizing gene expression in several gene silencing mutants (clr6.1, clr4.681 and
clr6.1Δclr3) and one RNAi mutant (Δdcr1) (Hansen et al, 2005). We found moderate but highly
statistically significant levels of correlation in gene expression between Δxap5 and all of these
silencing mutants, with the highest correlation seen between Δxap5 and clr6.1Δclr3, mutants in
genes encoding histone deacetylases (Figure 2.12).
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Figure 2.11: Many repeat elements are significantly upregulated in the Δ xap5 mutant (A)
LTRs significantly upregulated (p≤0.05) in the Δxap5 mutant and (B) overlap between
upregulated LTRs among different genotypes. (C) wtf elements significantly upregulated
(p≤0.01) in the Δxap5 mutant and (D) the overlap between upregulated wtfs among different

genotypes. (E) Tf2 transposable element ORFs are upregulated in the mutants (quantitative RTPCR, letters denote statistically significantly different groups, one-way ANOVA with
Bonferroni’s multiple comparison test, p<0.01). These repeat loci are preferentially upregulated
throughout the genome in both Δxap5 and Δpht1 mutants as statistically significant categories
(Fisher’s exact test, p-values for LTRs =1.203e-05 and wtfs <2.2e-16 in Δxap5 and LTRs <2.2e16 and wtfs = 0.006443 in Δpht1).
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Xap5 binds chromatin
Since Xap5 affects processes regulated by known chromatin-associated proteins, we investigated
whether Xap5 itself binds chromatin using a chromatin immunoprecipitation (ChIP) assay
followed by a microarray analysis (ChIP-chip). We found that Xap5 protein is associated with
chromatin throughout the genome, showing enrichment in both genic and intergenic regions.
Xap5 has little association with centromere and mating type regions, perhaps consistent with the
lack of effect of the Δxap5 mutation on expression of transcripts derived from these regions. In
contrast, Xap5 protein is highly enriched in the telomeres, a region where Pht1/H2A.Z is
relatively depleted (Figure 2.13; Zofall et al (2009)). Since telomeres are also enriched for
methylated H3K9 (H3K9me) and are depleted for H3K4me (Cam et al, 2005), a mark associated
with active gene expression, this would further strengthens the possibility of a functional
interaction between Xap5 and silencing proteins (Figure 2.12).

Both Xap5 and Pht1/H2A.Z are significantly enriched at all 13 Tf2 transposable element loci
(Figures 2.14A and 2.14B). Consistent with these associations having functional significance,
Tf2 ORFs are upregulated in both Δxap5 and Δpht1 mutants (Figures 2.11E and 2.14B). Many
other LTRs and wtf repeat elements are both significantly enriched for Xap5 and H2A.Z
association (Figures 2.14A and 2.14C) and these and adjacent loci have altered expression in
both mutants (Figures 2.14C and 2.11 A-D). These observations would suggest that Xap5
cooperates with H2A.Z to suppress the expression of Tf2s and other repeated motifs such as
LTRs and wtf elements.
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transcripts upregulated in both mutants in these and adjacent loci.
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There is no significant genome-wide correlation between levels of Xap5 or Pht1/H2A.Z
association with chromatin and changes in gene expression in the corresponding single mutants
(Supplemental Data 2.3). However, gene bodies highly enriched for Xap5 are significantly more
upregulated in Δpht1 mutants, and gene bodies highly enriched for Pht1/H2A.Z are significantly
more upregulated Δxap5 mutants, than expected by chance (Figure 2.15). Loci that have high
levels of Xap5 association and are upregulated in Δpht1 are enriched for negative regulation of
signal transduction (GO ID 9968, p=0.0275) and negative regulation of cell communication (GO
ID 10648, p=0.0403) functions. Loci with high levels of Pht1/H2A.Z association and are also
upregulated in Δxap5 are enriched for response to stress (GO ID 6950, p=0.0053) and regulation
of DNA-dependent DNA replication (GO ID 90329, p=0.0315) functions. These observations
suggest a direct or indirect interdependency between Xap5 and Pht1/H2A.Z in the regulation of a
subset of genomic loci and may help explain the synergistic phenotype of the Δxap5Δpht1
mutant (Figures 2.6, 2.8, and 2.11).
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Figure 2.15: Interdependency of Xap5 and Pht1/H2A.Z in repressing highly Xap5 or
Pht1/H2A.Z enriched loci. (A) Decile bins of relative protein enrichment in gene bodies vs.
relative differential expression (p<0.01) of sense transcripts in the mutants. In highly
Pht1/H2A.Z enriched genes, sense transcripts are significantly upregulated in the Δxap5 mutant
but not the Δpht1 mutant (Wilcoxon test, * indicates p<0.017, ** indicates p=0.0053). Similar
patterns are observed for Xap5 enrichment in genes misexpressed in the Δpht1 mutant but not the
Δxap5 mutant (*** indicates p=0.00014376, **** indicates p=5.994e-09). (B) Representative
example of a locus highly enriched for Pht1/H2AZ in the gene body with significantly
upregulated sense and antisense transcription in Δxap5 mutants but not the Δpht1 mutant. (C)
Representative example of a locus highly enriched for Xap5 in the gene body with significantly
upregulated sense and antisense transcription in Δpht1 mutants but not the Δxap5 mutant.
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Discussion
Xap5 function is conserved between widely diverged eukaryotes
We have demonstrated that Arabidopsis XCT can rescue both growth and molecular phenotypes
of yeast mutant for xap5 and fission yeast xap5 can rescue a subset of phenotypes of plant
mutant for XCT, indicating that Xap5 proteins are functionally conserved between these two
species. Given that Arabidopsis and fission yeast diverged more than one billion years ago
(Sipiczki, 2000) and that these two Xap5 homologs show the lowest levels of amino acid
sequence conservation among the examined taxa with an identifiable Xap5 homolog (MartinTryon & Harmer, 2008), our findings suggest that Xap5 proteins are functionally well conserved
across eukaryotes.

Although downregulation of the Xap5 homolog in C. elegans causes embryo lethality (Piano et
al, 2002), presumptive null alleles are viable in both Arabidopsis and S. pombe (Martin-Tryon
and Harmer (2008); Figures 2.1 and 2.2). However, under sub-optimal environmental conditions
fission yeast Δxap5 mutants have slow-growth phenotypes and elevated expression of many
genes involved in stress responses (Figure 2.1 and Table 2.3). Xap5 function therefore seems
especially important in adverse environmental conditions. This is true in plants as well, as we
have recently found that Arabidopsis xct-2 mutants are hypersensitive to heat stress (Chapter 3).
In addition, the human Xap5 homolog may be involved in biotic stress responses, as Xap5
protein levels are elevated in human adults with sepsis caused by Acinetobacter baumannii
(Soares et al, 2009). Together, these observations demonstrate that Xap5 proteins share common
molecular functions in diverse eukaryotes and suggest they may act in similar biological
pathways.
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Xap5 is involved in aberrant transcript regulation mainly in euchromatin
Our genetic and molecular data strongly suggest that Xap5 is a novel regulator of chromatin.
Many well-known chromatin regulators have genetic interactions positively correlated with those
of xap5, including genes encoding multiple components of key regulators such as the
Set1C/COMPASS complex (Figure 2.5A and Table 2.2).

Since genes that act in similar

pathways often have positively correlated genetic interaction profiles (Collins et al, 2007), this
suggests Xap5 is involved in chromatin regulation or maintenance. Notably, hundreds of loci are
misregulated in the ∆xap5 mutant (Figure 2.8), indicating that it is indeed required for
appropriate transcriptional regulation across the S. pombe genome.

Although expression of euchromatic regions is perturbed in ∆xap5, expression of constitutive
heterochromatic regions such as centromeres, telomeres and silent mating type loci are largely
unaffected. This argues that Xap5 is primarily involved in regulation of euchromatin, not
heterochromatin. However, Xap5 is not likely to encode a typical transcription factor: most
misexpressed sequences in ∆xap5 are upregulated (Figure 2.8), and among these 60% represent
aberrant transcripts such as antisense and intergenic sequences while only 36% correspond to
protein coding gene transcripts (including the wtfs, a family of genes of unknown function)
(Figures 2.8 and 2.11). Therefore the primary function of Xap5 appears to be the genome-wide
transcriptional silencing of antisense and intergenic loci as well as repeat element loci. Increased
levels of transcripts in ∆xap5 might arise from alterations in transcription, perhaps due to
changes in chromatin structure or modifications, or from changes in RNA processing or
degradation (Houseley et al, 2006; Woolcock et al, 2011; Zhang et al, 2011b). However, our
genetic interaction RNA-seq analyses, and ChIP-chip data favor the former possibility.
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Comparison of the transcriptional profiles of yeast mutant for either xap5 or genes encoding
components of gene silencing (clr3, clr4, and clr6) and RNA interference machinery (dcr1)
reveals further clues to Xap5 function. Although the correlations in gene expression profiles
between ∆xap5 and these mutants are rather modest, they are highly statistically significant
(Figure 2.12). These correlations might well be higher if not for the differences in growth
conditions (both growth media and temperature), gene expression analysis platforms (RNA-seq
vs. microarray), and library construction methods (random priming vs. oligo(dT) priming)
between the experiments being compared (Hansen et al, 2005).

Although loss of Xap5 primarily affects euchromatic regions, the H3K9 methyltransferase Clr4,
the histone deacetylases Clr6 and Clr3, and the RITS component Dcr1 are best known for their
roles in silencing of heterochromatic regions such as centromeres and telomeres. The enrichment
of Xap5 protein at telomeric regions (Figure 2.13) suggests that it may also play a role at select
heterochromatic loci. Even though expression of telomeric genes is not perturbed in the ∆xap5
mutant, the antagonistic genetic interactions between Xap5 and Set1 (Figure 2.7), a protein
required for appropriate silencing of telomeric regions (Kanoh et al, 2003; Krogan et al, 2002),
suggest that Xap5 association with telomeres may have functional significance.

The Clr proteins are primarily considered to be repressors of expression of heterochromatic loci.
However they are also involved in the regulation of euchromatic loci (Hansen et al, 2005;
Woolcock et al, 2011; Zhang et al, 2011b). Many genes involved in environmental stress
responses are derepressed in the clr mutants (Hansen et al, 2005), similar to what we observe in
∆xap5 (Table 2.3). In addition, the above Clr proteins are required for the silencing of
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retrotransposons, LTRs, and wtfs (Hansen et al, 2005; Woolcock et al, 2011), which are
generally not enriched for H3K9 methylation (Cam et al, 2005); notably, these types of loci are
also enriched for Xap5 association and are derepressed in Δxap5 (Figures 2.10B, 11 and 2.14).
Moreover Clr6 is a component of the Rpd3L complex (Nicolas et al, 2007; Shevchenko et al,
2008), other members of have significantly correlated genetic interactions with xap5 (Table 2.2),
further suggesting that these proteins play broadly similar roles in the cell. Overall these
correlations further support our conclusion that Xap5 is a novel regulator of chromatin.

Xap5 likely acts in similar pathways as known chromatin regulators
Among the 953 mutant genetic interaction profiles we examined, the profile of ∆xap5 is most
highly correlated with that of a mutant in pht1 (Figures 2.5A and 2.5B), suggesting that the Xap5
and Pht1/H2A.Z proteins are involved in many of the same processes. The multiple similar
phenotypes of these two mutants along with their synergistic genetic interactions (Figures 2.5,
2.6, 2.7 and 2.8) reinforce this hypothesis. Moreover both H2A.Z and Xap5 are enriched in
retrotransposons (Tf2s) and other repeat elements such as LTRs and wtfs throughout the genome
(Figure 2.14) and these categories of loci are significantly derepressed in both mutants (Figure
2.11). This suggests that both of these proteins cooperate, perhaps in collaboration with other
silencing complexes to repress these loci. In support of this possibility, the Δxap5Δpht1 double
mutants display a synergistic increase in antisense transcripts (Figure 2.8) very similar to that
seen when the Δpht1 mutant is combined with mutations in several different silencing complexes
(Zofall et al, 2009).
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Pht1/H2A.Z deposition in gene promoter regions is generally believed important for the
regulation of transcription (Guillemette & Gaudreau, 2006). In addition, in S. pombe Pht1/H2A.Z
deposition in gene bodies has been shown to be essential for proper transcription of genes
involved in meiosis and stress responses (Sadeghi et al, 2011). Similarly in Arabidopsis thaliana
a positive correlation was observed between H2A.Z deposition in gene bodies and levels of gene
expression under biotic and abiotic stresses (Coleman-Derr & Zilberman, 2012a). We also
observed that genes with the highest levels of Pht1/H2A.Z within the gene body are enriched for
response to stress GO terms. These genes are preferentially upregulated in the ∆xap5 mutant
(Figures 2.15A and 2.15B)

The positively correlated genetic interactions between xap5 and multiple genes encoding
members of the Set1C complex are also intriguing (Figure 2.5A and Table 2.2) and suggest that
these proteins may act in similar pathways. The Set1C complex specifically methylates H3K4, a
mark typically associated with active transcription (Noma & Grewal, 2002). This mark is also
found in retrotransposable element loci and other repeat regions (Cam et al, 2005). The
suppression of the ∆xap5 slow growth phenotype by ∆set1 (Figure 2.7) also suggests that Xap5
and Set1 act in similar pathways, albeit with opposing roles. Such compensatory genetic
interactions may be found between genes encoding proteins that either function in distinct
modules within a single complex or that affect the same process but act in different complexes
(Collins et al, 2007; van de Peppel et al, 2005). Set1 and H2A.Z have been previously reported
to act together in the genome-wide control of gene expression in S. cerevisiae via an unknown
mechanism (Venkatasubrahmanyam et al, 2007); it is possible that Xap5 is involved in this same
process.
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Conclusions
Although they are highly conserved across eukaryotes, Xap5 proteins lack recognizable
functional domains, making prediction of their molecular functions difficult (Martin-Tryon &
Harmer, 2008; Mazzarella et al, 1997). However, our genome-wide investigation of the genetic
interactions between ∆xap5 and other S. pombe mutants has allowed us to assign a role for Xap5
in the regulation or maintenance of euchromatin. The ability of the Arabidopsis XCT gene to
complement the growth and molecular phenotypes of fission yeast ∆xap5 demonstrate that Xap5
function is deeply conserved across eukaryotes.

Genetic and molecular analysis of ∆xap5

mutants suggests it works in similar pathways as the histone variant Pht1/H2A.Z and the histone
methyltransferase Set1. Many recent reports suggest that H2A.Z may recruit either
transcriptional activating or silencing complexes, depending upon the locus (Guillemette &
Gaudreau, 2006; Hardy et al, 2009; Marques et al, 2010; Zofall et al, 2009). H2A.Z also
functions in many other processes including maintenance of chromosome architecture,
heterochromatin stability at centromeres, and double-stand break repair (Guillemette &
Gaudreau, 2006; Hardy et al, 2009; Hou et al, 2010; Kim et al, 2009a; Xu et al, 2012; Zofall et
al, 2009). The close genetic and functional interactions between Pht1/H2A.Z and Xap5 suggest
that Xap5 may also affect processes other than transcriptional repression.

A precise

determination of the molecular function of Xap5 proteins awaits further, likely biochemical,
studies.
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Methods
Growth Analysis and Gene Transformations in S. pombe
S. pombe strains used are listed in Table 2.5. All yeast media and standard methods were
according to Forsburg and Rhind (2006). Gateway entry vector, pENTR-D-TOPO (Invitrogen)
and the destination vector pDUAL-FFH1c (Matsuyama et al, 2004) with a thiamine repressible
yeast nmt1 promoter were used to express the plant XCT c-DNA or xap5 g-DNA in the Δxap5
mutant background. A xap5-HA-TAP construct in the endogenous xap5 locus was introduced in
the wild type background using pFA6a-kanMX6-HATAP vector. This strain was used for the
ChIP-chip assays along with the H2A.Z flag tagged strain described in (Zofall et al, 2009).

Cloning and Transformation of XAP5-cDNA in to Arabidopsis
Arabidopsis xct-2 mutant plants were transformed with S. pombe XAP5-cDNA fused to the
native XCT promoter. XAP5-cDNA was fused to the native XCT promoter by two rounds of PCR
with

two

hybrid

primers.

In

the

first

round

two

primer

pairs

5’

GGATGCGATAGTAATTAAATAAAAAATAACCAAAAT 3’ (XCT forward primer) &
5’TCGGCATCAGTATGGCCGCTCATCTTTTCTTCTCTCGCTTCCTTTA3’ (XCT/ XAP5
hybrid

reverse

primer)

GCCATACTGATGCCGA3’

and

5’TAAAGGAAGCGAGAGAAGAAAAGATGAGCG

(XCT/XAP5

hybrid

forward

primer)

&

5’TGAGGGCC

GGTAAAATAATGCAG3’ (XAP5 reverse primer), were used in two separate reactions to
amplify the XCT-promoter and the XAP5-cDNA respectively. In the second round the amplified
products of the first round were used as templates with XCT forward and XAP5 reverse primers.
The XCT::XAP5-cDNA fragment was cloned in to the pCR8/GW/TOPO gateway entry vector
(Invitrogen) and then transferred by an LR reaction into the promoterless pEG301 destination
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vector. The clones were transformed into xct-2 mutant plants using Agrobacterium mediated
floral dip method (Clough and Bent, 1998).

Circadian Period Assay
T3 homozygous seeds were sterilized by vapor-phase sterilization with 100 ml bleach and 3 ml
concentrated HCl and plated on MS (rpi Research Products International Corp.) 0.7% agar
(EMD Chemicals Inc.) plates containing 3% sucrose (Fisher Chemical). Then they were
stratified at 4°C for 3 days before 12:12 light/dark entrainment at 22°C. After 6 days, seedlings
were sprayed with 3mM D-luciferin (Biosynth AG) and monitored with a cooled CCD camera
(ORCA II ER, Hamamatsu) and red LED SnapLites (Quantum Devices) under 35 µmol constant
red light. Images were analyzed with MetaMorph (Molecular Devices) software and the pattern
of luciferase activity was fit to a cosine wave through Fourier Fast Transform-Non-Linear Least
Squares (FFT-NLLS) (Plautz et al, 1997) allowing for estimates of period length, amplitude, and
phase.

Estimation of Rosette Diameter
Plants were grown for 30 days and just before flowering, pictures of each flat was taken by a
digital camera and images were used to quantify the rosette diameter in ImageJ (ver. 1.43)
(Schneider et al, 2012). Both, distance between the opposite longest leaves and the diameter of
the largest possible circumference drawn around the rosette were used to estimate the rosette
diameter.
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Measurement of Hypocotyl Length
Six day old seedlings grown in MS 0.7% agar plates containing 3% sucrose in 10 u mol
continues red light were transferred to transparencies on day 6 and scanned. Individual
measurements were obtained from the scans using ImageJ (ver. 1.43).

Flowering Time Analysis
Plants were grown under long day conditions (L/D 16:8) and the number of rosette leaves were
recorded when a 1 cm bolt was present.

Chlorophyll Quantification
Plants were grown in MS 0.7% agar plates containing 3% sucrose in 35 umol constant red light
for 6 days. 10 seedlings were pooled in triplicate per genotype and chlorophyll was extracted
with buffered 80% aqueous acetone and quantified as described by Porra et al (1989).

Genetic Interaction Analysis
For identifying genetically interacting partners, the epistatic miniarray profile (E-MAP) method
was used. In E-MAP, a mutant strain (Δxap5) with one marker is crossed to an entire library of
yeast deletion strains (a chosen subset of 2117 mutants) carrying a second marker to
systematically recover haploid double mutant strains. Sizes of colonies of double and single
mutant strains grown for a defined period of time after transfer of a set number of cells are then
measured in a high-throughput manner. From these growth rate data, interaction scores (Sscores) were determined (Collins et al, 2006; Roguev et al, 2007). The S-score (which is a
modified t-value) is a measure of the genetic interaction between each tested gene and xap5.
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Cells were grown at 20 ºC, 30 ºC or 37 ºC in YES media. -2.5 ≤ S-score≥ +2 was used as the
cutoff for statistically significant genetic interactions. GO category enrichment (p≤0.05) analyses
were performed with BiNGO 2.44 (Maere et al, 2005) (a Cytoscape plugin), employing
hypergeometric test with subsequent Benjamini and Hochberg false discovery rate corrections.

RNA-seq Analysis
Exponentially growing cells at 37 ºC in EMM50 were used for RNA extraction with three
replicates per each genotype. Cell lysis was performed as recommended by Sabatinos and
Forsburg (2010) in 1 ml Trizol reagent (Invitrogen). RNA was extracted as per the Invitrogen
Trizol reagent protocol. Extracted RNA was digested with DNase I (Qiagen) for 30 minutes at
room temperature and cleaned up with 3M sodium acetate. rRNA was removed using the RiboZero rRNA removal kit (human/mouse/rat, Epicentre) following the manufacturer’s protocol.
Strand specific cDNA libraries were made with random primers using a protocol by Wang et al
(2011a) after optimizations. Samples were multiplexed and 100 bp single reads were sequenced
in an Illumina Hi-seq sequencer in two lanes with an average sequence coverage of 11.8 million
/library.

All quality control steps were performed using the fastx_tool kit (http://hannonlab.cshl.edu/ fastx
toolkit/index.html). Reads were mapped to the complete S. pombe cDNA and genomic DNA
(EF2.12, ftp://ftp.ensemblgenomes.org/pub/release-12/fungi/fasta/schizosaccharomyces_pombe/)
using BWA, ver. 0.5.8c (Li & Durbin, 2009). Differential expression analysis was performed
using edgeR (Robinson et al, 2010) where statistical significance of differential expression is
determined using the negative binomial exact test. Data were visualized with igv (Robinson et al,
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2011) and R (ver. 2.14.0). BedTools (Quinlan & Hall, 2010) were used for intergenic and LTR
reads’ analysis.

RT-PCR Analysis
RNA was extracted as for RNA-seq analysis. Random primed cDNA prepared with SuperScript
II Reverse transcriptase (Invitrogen) was used for quantitative RT-PCR. The reactions were
performed using an iCycler (Bio-Rad) in 40 mM Tris HCl pH 8.4, 100 mM KCl, 6 mM MgCl2,
8% Glycerol, 20 nM fluorescein, 0.4X SYBR Green I (Molecular Probes), 1xBSA (New
England Biolabs), 1.6 mM dNTPs, 2.5 µM of each primer, and 5% diluted cDNA along with Taq
polymerase. Samples were run in triplicates and relative starting quantity was estimated using the
∆∆CT (Livak & Schmittgen, 2001) method. Data presented were normalized to act1 expression
levels. Melt curve analysis was performed following amplification to confirm specificity of
products over primer dimers. Primers used for act1 are as described in Helmlinger et al (2008).
Strand-specific RT-PCR reactions were performed with Qiagen one-step RT-PCR kit as per the
manufacturer’s protocol. All primers used are listed in Table 2.6.

ChIP-chip Analysis
ChIP-chip assays were performed as previously described (Cam et al, 2005) with modifications
reported by (Zofall et al, 2009). ChIP assays were performed with immobilized anti-HA antibody
matrix (3F10; Roche) for Xap5-HA-TAP and with anti-Flag (M2; Sigma) for H2A.Z-FLAG.
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Data Access
All raw data files are available at the NCBI Gene Expression Omnibus (GEO) repository under
the accession number GSE46506.
	
  
Table 2.5: Yeast strains used in the study
Strain
∆xap5
WT
∆pht1
∆set1
∆xap5∆pht1
∆xap5∆set1

Description
(Bioneer-BG4186) h+, ade6-M216, ura4-D18, leu1-32, SPCC1020.12c::KanMx4
(ED668) h+, ade6-M216, ura4-D18, leu1-32
h-, ade6-M216, ura4-D18, leu1-32, SPBC11B10.10c::NatMx4
h-, ade6-M216, ura4-D18, leu1-32, SPCC306.04c::NatMx4
h-, ade6-M216, ura4-D18, leu1-32, SPCC1020.12c::KanMx4, SPBC11B10.10c::NatMx4
h-, ade6-M216, ura4-D18, leu1-32, SPCC1020.12c::KanMx4, SPCC306.04c::NatMx4

Table 2.6: Primers used in the study
Purpose
swr1_antisense_RT-PCR (427 bp)
SPCC1020.13c_antisense_RT-PCR (392 bp)
Tf-2 retrotransposons_sense_qRT-PCR
wtf1_sense_qRT-PCR
wtf5_sense_qRT-PCR
wtf22_sense_qRT-PCR
rps2402-3’end_cnt5-3’end_readthrough_antisense
_RT-PCR (568 bp) – from Zofall et al., (2009)

	
  

Primers
5’TCCTTCAAATTAGCAAAAGCAGA3’
5’GGGGCCCTCATTTAATTATTGTA3’
5’GCTCATTGTATGAAGAATTCAAAA3’
5’AATCTATTGCTATTTTTCCAAAGC3’
5’CGCTCTCTCAAATGAACAAAGTT3’
5’CCTTTTATTGGCTTTGGTAGCTT3’
5’TCATACCTCAGGTCGGATAAAAA3’
5’TACTTGGAATTTGGTCTTGGTGT3’
5’GGAAAAGGAATCAAGCACTTTTT3’
5’CTTGGTGATCCGACAAGTATGTT3’
5’TTATGGCAAAGATGAATGGGTAT3’
5’ATCCAAGTTTCATAGAAGCACCA3’
5’CGCAAGCAACGTAAGAACAGAG3’
5’TATCAAAGGGCTGTTGTAAAGGC3’
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Chapter 3: Suppressing the Suppressors: A potential Link Between XAP5 CIRCADIAN
TIMEKEEPER (XCT) and The Expression of PSEUDO RESPONSE REGULATORs Under
Temperature Stress

Abstract
Proper regulation of temperature-responsive genes is crucial for the survival of plants under
suboptimal temperatures. Chromatin regulation plays an important role in this regulation. Here I
report that mutation of XCT, a potential chromatin regulator reduces the responsiveness of plants
to heat stress. The expression of XCT is induced by heat in both Arabidopsis and fission yeast.
xct-2 mutants display reduced survival under heat stress whereas plant growth is drastically
reduced at growth permissible higher temperatures. Although temperature compensation of clock
pace is largely unaffected, xct-2 mutant plants become arrhythmic at temperatures higher or
lower than ambient. This may be explained by the many-fold upregulation of PRR7 and PRR9
expression levels in xct-2 at higher and lower temperatures. Transcript levels of CCA1, LHY,
TOC1 and PRR5, genes that function near these PRRs in the circadian clock, are also
misregulated accordingly. My analysis in wild-type Col-0 shows that PRR7, PRR9, CCA1 and
LHY are differentially regulated by higher and lower temperatures. Therefore I conclude that
temperature-dependent arrhythmicity in xct-2 mutants may be due to the misregulation of PRR7
and PRR9 genes and that XCT contributes to the proper downregulation of these PRR genes,
perhaps through chromatin regulation.
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Introduction
Temperature is a key growth factor that affects plant development from seed germination to seed
maturity. The rates of enzymatic and other chemical reactions depend on temperature.
Temperatures higher than a certain limit can denature proteins, damage cell membranes and be
stressful for plants (Hasanuzzaman et al, 2013; Mittler et al, 2012). Ambient temperature
fluctuates daily and seasonally. Being sessile organisms, a key aspect to plants’ success is their
ability to fine tune growth and development both in anticipation of predictable changes such as
day-night cycles or cold-hot cycles and in response to variable environmental conditions.
Circadian systems are widespread endogenous mechanisms that allow organisms to time their
physiological changes to predictable day-night cycles caused by the daily rotation of the earth on
its axis (Harmer, 2009; Panda et al, 2002; Wijnen & Young, 2006). Therefore circadian clocks
assist plants to anticipate and prepare for daily changes in temperature. Indeed many reports
show circadian rhythms influence stress responses and many circadian mutants show
hypersensitivity to various stresses (Chapter 1; (Sanchez et al, 2011)).

Temperature is a zeitgeber (“time giver”) of the circadian clock in plants (Harmer, 2009; Rensing
& Ruoff, 2002). In other words temperature is an environmental cue, which can entrain the
circadian clock in plants so that it can predict cyclic temperature changes. In addition, circadian
clocks maintain robust and accurate timing over a broad range of physiological temperatures, a
characteristic termed temperature compensation (Harmer, 2009; Rensing & Ruoff, 2002).
Temperature compensation allows the clock to maintain a similar pace across the physiologically
relevant temperature range (Harmer, 2009; Kurosawa & Iwasa, 2005; Salome et al, 2010). In
Arabidopsis thaliana many clock components have been shown to be involved in temperature

	
  

71	
  

compensation of the clock. These include PSEUDO RESPONSE REGULATOR PROTEINs
(PRRs), especially PRR7 and PRR9, and their associated morning loop components, the partially
redundant Myb-like transcription factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and
LATE ELONGATED HYPOCOTYL (LHY) (Salome & McClung, 2005; Salome et al, 2010).
There are five PRR genes in the Arabidopsis genome and almost all of them are closely
associated with the circadian oscillator (Matsushika et al, 2000). These are well conserved across
many plant species including Arabidopsis and rice (Fukushima et al, 2009). Therefore PRRs may
play important roles in temperature perception, prediction and responses in a variety of species.

XCT is another gene highly conserved in plants and other eukaryotes and possibly involved in
such environmental adaptation, as mutants were initially identified as having defects in the
circadian clock and in photomorphogenesis (Martin-Tryon & Harmer, 2008). xct-2 mutants in
Arabidopsis have a clock with a period approximately 2 hours shorter than wild type in all light
conditions tested. Moreover, hypocotyl growth of these mutants is hyposensitive to red light and
hypersensitive to blue and white light. RuBisCo levels are greatly decreased in xct-2 mutants and
the growing tips maintain a yellow appearance during early vegetative development (MartinTryon & Harmer, 2008). Overall plant growth is significantly reduced in the mutants compared
to Col-0 wild type (Chapter 2).

I showed that XCT proteins are functionally conserved between Schizosaccharomyces pombe
and A. thaliana at both physiological and molecular level (Chapter 2). Moreover, I demonstrated
that S. pombe Xap5 has a chromatin regulatory function (Chapter2). Like circadian clocks,
chromatin modifications play a crucial role under biotic and abiotic stresses (Chapter 1; (Kim et
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al, 2010; Luo et al, 2012a)). I also showed that Xap5 functions in a similar manner as the histone
H2A variant H2A.Z to repress many loci throughout the S. pombe genome (Chapter 2).
Coleman-Derr and Zilberman (2012a) reported that genes responsive to temperature and other
abiotic stresses are misexpressed in plants mutant for H2A.Z, suggesting that H2A.Z is normally
involved in regulating expression of these genes. H2A.Z plays an important role in temperature
sensing in plants, leading to the model that H2A.Z-containing nucleosomes are evicted from
chromatin at elevated temperatures, allowing stress-regulated transcription factors to either
induce or repress transcription of target genes (Kumar & Wigge, 2010). Our investigation of the
S. pombe ortholog of XCT (Xap5) also revealed that Δxap5 deletion mutants are sensitive to
temperature stress (Chapter 2). Indeed, RNA-seq experiments demonstrated that genes
upregulated in the S. pombe Δxap5 mutant are enriched for stress response functions (Chapter 2).
Similar observations were made in Arabidopsis xct-2 mutants (Ellison et al, submitted). Since
expression of temperature-responsive and other stress-responsive genes are regulated at the
chromatin level, XCT, like H2A.Z may contribute to the thermal sensing and the regulation of
these genes.

The identification of novel proteins involved in abiotic stresses may increase the options for crop
improvement in a planet undergoing changing climate. I therefore investigated whether plants
mutant for XCT have phenotypes when grown in adverse temperatures. I found that loss of XCT
affects circadian rhythmicity and plant survival and growth under suboptimal temperatures.
Interestingly, the PSEUDO RESPONSE REGULATOR genes are misexpressed in xct-2 mutants
at both optimal and suboptimal temperatures. Since these central clock genes are involved in
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circadian temperature compensation (Salome et al, 2010), this suggests a possible mechanism for
disruption of clock function in xct mutants at adverse temperatures.

Results

XCT is upregulated rapidly upon heat stress and the xct-2 mutants may have a defective
temperature-sensing pathway
First I wanted to determine whether expression of S. pombe xap5 is affected by temperature
stress. I therefore cultured wild type S. pombe in minimal media (EMM50) at 20 °C, 30 °C and
37 °C. In dilute cell cultures grown at optimal and non-optimal temperatures, xap5 transcript
levels were initially low. However, as the cultures reach exponential growth, xap5 message
accumulates to a much greater extent in cells grown at 20 °C or 37 °C compared to cells grown
at 30 °C (Figure 3.1). Since the plant and fission yeast XCT proteins show functional
conservation (Chapter 2), I wanted to determine whether XCT is upregulated in response to
temperature stress in plants. Therefore I grew Col-0 wild-type plants at 22 °C in 12L/12D cycles
for 7 days and then transferred them to continuous white light at either 38 °C or 22 °C. With in a
few hours of transfer to 38 °C XCT expression is upregulated more than two-fold compared to 22
°C grown plants (Figure 3.2A). Analyses of publicly available microarray data also showed
similar results for XCT (Arabidopsis eFP Browser at bar.utoronto.ca; Kilian et al. (2007) data
analyzed at AtGenExpress, http://jsp.weigelworld.org/expviz/expviz.jsp), confirming our
findings. Therefore expression of XCT homologs is induced by temperature/heat stress in both
plants and fission yeast, suggesting that Xap5 proteins may play an important role in response to
temperature stress.
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Figure 3.1: Expression of the S. pombe XCT ortholog xap5 is induced by temperature stress.
xap5 transcript levels in wild-type cells grown at 20 °C, 30 °C and 37 °C. Cells were sampled at
OD595 values of 0.3, 0.6 and 1.0. All the data points are means of three independent
experiments each with three replicates at each temperature. Lowercase letters denote statistically
significantly different groups (one-way ANOVA with Bonferroni’s multiple comparison test,
p<0.05); the error bars show SEM.
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Figure 3.2: Expression of Arabidopsis XCT is sensitive to heat stress (A) XCT expression in
Col-0 plants is upregulated by more than two-fold three hours after exposure to 38 °C compared
to the 22 °C grown plants. (B) HSP70 transcript levels are much less responsive to heat stress in
xct-2 mutants compared to Col-0 wild type. In A, lowercase letters denote statistically
significantly different groups (one-way ANOVA with Bonferroni’s multiple comparison test,
p<0.05). The error bars show SEM of two biological replicates each with two technical replicates
of 10 seedlings each.

Since XCT/Xap5 is a chromatin regulatory protein functioning similar to H2A.Z/Pht1 in fission
yeast (Chapter 2) we were curious as to whether XCT has a role in thermal sensing in plants. If
so we wanted to ask whether xct-2 plants have defective temperature sensitivity. Kumar and
Wigge (2010) previously showed that HSP70 (At3g12580) expression is an output of the
ambient temperature sensing pathway and that transcript levels of HSP70 are a sensitive readout
for temperature perception status of plants. Therefore we tested the thermal sensitivity of the
xct-2 mutants by measuring HSP70 transcript levels. Although still responsive, HSP70 transcript
levels are more than 5 fold reduced in the xct-2 mutants early after transfer to heat stress (38 °C)
compared to the Col-0 wild type at that time (Figure 3.2B). Our RNA-seq analysis in xct-2
mutants at 22 °C (Ellison et al, submitted) also suggests that the heat sensing pathway is altered
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in these plants. Similar to what was observed in hta9 hta11 (Arabidopsis H2A.Z) double mutants
(Kumar & Wigge, 2010), many temperature-responsive genes are misregulated in xct-2 relative
to wild-type (Table 3.1). This suggests that indeed the plants with a nonfunctional XCT have
defective thermal sensitivity and that XCT may play an important role in temperature/heat stress
responses.

Table 3.1: Different categories of temperature-responsive genes were among significantly
(p≤0.05) misregulated genes in xct-2 mutants at 22 °C. Number of genes with same
annotation in the background is shown in brackets.
Annotation

Number of genes
misregulated

Sensitive to heat stress

24 (32)

Low temperature/cold
sensitive

18 (24)

Temperature sensitive

7 (12)

Oxidative stress responsive
/ sensitive to ROS

22 (27)

Remarks
Mostly heat shock proteins and
chaperones
Ones not included under heat or cold
sensitive category
Oxidative stress immediately follows
heat stress

xct-2 mutants have a reduced survival rate under heat stress
Drastically reduced responsiveness of the xct-2 mutants to high temperature suggests that the
mutant is partially blind to temperature changes and might respond differently to heat stress.
Therefore I next investigated whether xct-2 mutant plants have altered survival under heat stress.
Plants were initially grown at 22 °C in 12L/12D cycles for 7 days and then transferred to
continuous white light at either 38 °C or 22 °C. The number of plants dead or severely damaged
was quantified after 24 hours. Significantly, more xct-2 than wild-type seedlings were dead or
severely damaged, with visible necrotic leaves, at 38 °C (Figure 3.3A). Survival after 24 hours at
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38 °C is reduced by 21% in the xct-2 mutant plants compared to wild type (Figure 3.3B). Thus a
functional XCT enhances plant survival under heat stress, perhaps via XCT-mediated changes in
chromatin structure.

Figure 3.3: xct-2 mutants have a reduced survival rate under heat stress. (A) More xct-2
mutant plants than Col-0 wild type died or were severely damaged (red arrows) after 24 hours at
38 °C. (B) Percent undamaged plants. The error bars show SEM of three biological replicates;
n=192 for Col-0 and n=223 for xct-2. Asterisk denotes statistical significance (Student’s t-test, *
indicates p<0.05).

Growth of xct-2 mutants is preferentially affected at higher temperatures
Next I wanted to inquire whether a functional XCT is required for optimal growth at a range of
physiologically relevant temperatures. Plants were grown at 22 °C in 12L/12D cycles for 7 days
and transferred to 27 °C, 12 °C or 22 °C in continuous white light for another 7 days, at which
point fresh weights were measured. Similar to what I previously observed in plants grown at 22
°C (Chapter 2), xct-2 plants are much smaller than wild type at 27 °C and 12 °C (Figures 3.4 A–
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C). Interestingly, this effect is stronger at higher temperatures. At 12 °C, xct-2 mutants
accumulate 79% of the fresh weight of the controls but this growth is progressively reduced in
plants grown at higher temperatures, with the mutants accumulating 64% of the mass of wildtype plants at 22 °C and 45% at 27 °C (Figure 3.4 G and H).

I next tested whether Arabidopsis overexpressing XCT (XCT-ox=35S::XCT in Col-0 wild type
background (Martin-Tryon & Harmer, 2008)) performs better or is more resistant to temperature
stress compared to wild type. I found that overexpression of XCT does not enhance growth under
temperature stress since XCT-ox plants accumulate similar biomass to Col-0 at 12, 22 and 27 °C
(Figure 3.4 D–F and G). This is not surprising since Martin-Tryon and Harmer (2008) reported
that overexpression of XCT in the Col-0 background has no effect either in the circadian clock or
in the levels of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) at 22 °C.
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Figure 3.4: xct-2 mutants grow more slowly at higher temperatures while overexpression of
XCT does not affect growth. (A–F) xct-2 plants are much smaller than either Col-0 wild-type or
XCT-ox plants at 22, 27, and 12 °C. XCT-ox plants do not show enhanced growth at 22, 27, or 12
°C compared to Col-0. (G) Quantification of growth (fresh weight / plant) in xct-2 mutants
compared to Col-0 and XCT-ox plants at 22 °C, 27 °C and 12 °C (12 °C is shown in the
secondary axis). (H) Percent growth of xct-2 plants at 12 °C, 22 °C and 27 °C relative to Col-0.
In G asterisks denote statistical significance (one-way ANOVA with Bonferroni’s multiple
comparison test, * indicates p=0.015, ** indicates p=0.014, *** indicates p<0.0001); n=50, 56
and 60 for Col-0, n=52, 65 and 54 for xct-2 and n=55, 48 and 60 for XCT-ox at 27, 22 and 12 °C
respectively. The error bars in G and H show SEM of three biological replicates.
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Circadian clock function in xct-2 is hypersensitive to temperature
The XCT null mutant has both circadian clock defects (Martin-Tryon & Harmer, 2008) and
enhanced temperature/heat stress susceptibility (Figures 3.3 and 3.4). Since the circadian clock
plays important roles in abiotic responses (Chapter 1; (Sanchez et al, 2011)) I investigated
whether xct-2 circadian phenotypes are aggravated at suboptimal temperatures. Plants were
grown at 22 °C in 12L/12D cycles for 6 days and transferred to 12, 22 or 30 °C in continuous
white light and CCR2pro::LUC expression was monitored. Similar to wild-type controls,
circadian periods do not change drastically in xct-2 plants grown at different temperatures
(21.52±1.19 for the mutant and 24.47±1.28 for wild type) (Figure 3.5A). As expected (MartinTryon & Harmer, 2008), the xct-2 short period phenotype is rescued by the XCT cDNA
expressed under the native XCT promoter (24.12±1.17) (Figure 3.5A). Therefore our results
indicate that temperature compensation is not strongly affected in xct-2 mutants in the
temperature range tested.

Although temperature compensation of clock pace is largely unaffected in xct-2, I observed a
strong temperature-dependent effect on rhythmicity. Almost all xct-2 plants are rhythmic at 22
°C. However, only 30% and 45% of the mutants are rhythmic (plants with a relative amplitude
error of 0.6 or less) at 30 °C and 12 °C, respectively, despite the robust rhythmicity of Col-0 wild
type and the rescued plants in these conditions (Figure 3.5B). Thus in addition to its role in
maintaining proper circadian pace at all temperatures (Figure 3.5A and (Martin-Tryon &
Harmer, 2008)), XCT is essential for robust rhythmicity in a temperature-dependent manner.
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Figure 3.5: Circadian
clock function in xct-2 is
hypersensitive to
temperature. (A) Mean
circadian period as a
function of temperature in
Col-0, xct-2 and xct-2
rescued with the XCT cDNA
expressed under the native
XCT promoter. (B) More
than 50% of the xct-2 plants
become arrhythmic at 30 °C
and 12 °C compared to
22°C. Asterisk denotes
statistical significance (oneway ANOVA with
Bonferroni’s multiple
comparison test, * indicates
p<0.01) and the error bars
show SEM. n ≥ 60 for all
genotypes and similar
results were observed in two
independent experiments.	
  

PRR7 and PRR9 are misregulated in a temperature-dependent manner in xct-2 mutants
The functionally redundant genes PRR7 and PRR9 are required for temperature input to the clock
(Salome & McClung, 2005) and overexpression of PRR7 can cause arrythmicity (Farre & Kay,
2007). Therefore I first tested whether the PRR7 and PRR9 are differentially expressed in the xct2 mutants at diverse temperatures. I entrained the plants under 12L/12D cycles at 22 °C for 6
days and then transferred them to continuous white light at 22 °C, 30 °C or 12 °C under free
running rhythms. After 24 hours in these different free running conditions, plants were harvested
3 hours after subjective dawn, when XCT protein levels were reported to peak (Martin-Tryon &
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Harmer, 2008). Intriguingly, PRR7 and PRR9 transcript levels are more than two fold increased
in xct-2 at 12 °C and 30 °C compared to wild-type control (Figure 3.6). However the increase in
PRR7 and PRR9 in the xct-2 mutants at 22 °C is subtle. Given the similar period phenotypes of
xct-2 and Col-0 at these temperatures (Figure 3.5A), this difference in expression levels is
unlikely to be due to differences in circadian phase between the genotypes (Hsu & Harmer,
2012).

PRR7 and PRR9 bind to the promoters of CCA1 and LHY to downregulate their expression
(Farre et al, 2005; Locke et al, 2006; Zeilinger et al, 2006). Along with PRR7 and PRR9, CCA1
and LHY have been shown to play an important role in temperature compensation (Salome et al,
2010). Therefore I quantified the transcript levels of CCA1 and LHY under the conditions
described above. Levels of CCA1 and LHY are similarly downregulated in the xct-2 mutant
compared to wild type in all three temperatures (Figure 3.6). This downregulation is moderate
and not proportionate to the levels of upregulation in PRR7 and PRR9. Since CCA1 and LHY
negatively regulate TIMING OF CAB EXPRESSION 1 (TOC1/PRR1) transcription (Alabadi et
al, 2001) I also quantified the TOC1 transcript levels under the same conditions. As expected
given this regulatory relationship, TOC1 transcript levels are more than two fold increased in all
temperatures (Figure 3.6).

Along with PRR9 and PRR7, PRR5 binds to the CCA1 and LHY promoters in vivo, coincident
with the timing of decreased CCA1 and LHY expression (Nakamichi et al, 2010; Nakamichi et al,
2012). Therefore I decided to investigate the transcript levels of both PRR3 and PRR5 genes in
the Arabidopsis mutant for xct-2. PRR5 levels are more than five fold upregulated whereas
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PRR3 is approximately two fold increased at all three temperatures in the mutant compared to
the wild-type (Figure 3.6). However, like CCA1, LHY and TOC1, upregulation of PRR3 and
PRR5 levels (3 hours after subjective dawn) seems an inherent defect in the xct-2 mutants than a
response to temperature. Therefore hypersensitivity of the circadian clock in the xct-2 mutants at
suboptimal temperatures may be mainly due to preferential upregulation of the PRR7 and PRR9
genes at 12 and 30 °C. However, misregulation of other clock genes may also contribute to this
phenotype.

Figure 3.6: Transcription of multiple clock components is misregulated at different
temperatures in xct-2 mutants. TOC1/PRR1, PRR3, PRR5, PRR7 and PRR9 transcripts are all
upregulated whereas CCA1 and LHY transcripts are downregulated relative to Col-0 wild type at
12, 22 and 30 °C in free run. Expression of genes shown, are statistically significantly different
in xct-2 compared to wild type (Student’s t-test, p<0.05). The error bars show SEM of two
biological replicates.
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Multiple PSEUDO RESPONSE REGULATORS (PRRs) may play important roles in
temperature compensation
I next examined the pattern of expression of clock gene transcripts in the wild type under high
and low temperatures in free run after L/D entrainment as described above. Surprisingly, I found
that the transcript levels of PRR7 and PRR9 are many fold downregulated in wild type at both 12
°C and 30 °C compared to the levels at 22 °C (Figure 3.7A). This temperature responsiveness of
PRR7 and PRR9 transcripts may allow them to act as integrators of temperature changes, perhaps
explaining why plants mutant for both PRR7 and PRR9 are compromised in their ability to
entrain to thermocycles and they remain arrhythmic in the free run when entrained exclusively in
12-22 °C thermocycles (Salome & McClung, 2005).

While PRR7 and PRR9 are strongly downregulated at 12 °C and 30 °C relative 22 °C, their
targets CCA1 and LHY show a weaker but similar pattern (Figure 3.7A). Since PRR7 and PRR9
repress expression of CCA1 and LHY (Farre et al, 2005; Locke et al, 2006; Zeilinger et al, 2006),
this is at first surprising. However PRR5 (Nakamichi et al, 2010; Nakamichi et al, 2012) and
TOC1 (Gendron et al, 2012; Huang et al, 2012; Pokhilko et al, 2012) also negatively regulate
expression of CCA1 and LHY. In contrast to the first group of genes, PRR3 and PRR5 and
especially TOC1 transcripts are upregulated at 12 °C and 30 °C relative to 22 °C (Figure 3.7B).
XCT transcript also follows this pattern. Upregulation of these genes at high and low
temperatures may contribute to the reduced expression of CCA1 and LHY. Unlike PRR7 and
PRR9 expression differences between 12 and 30 °C, I do not observe a clear difference between
the expression patterns at 12 °C and 30 °C in the PRR–XCT group since they are approximately
up by similar folds in both temperatures relative to 22 °C. This unique differential response at
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12 and 30 °C in PRR7 and PRR9 may make them important components in the temperature
entrainment pathway in the clock. However the differential effects of temperature on
PRR7/PRR9 and TOC1/PRR5 expression to ensure that CCA1 and LHY transcript levels do not
change drastically is more striking.

Figure 3.7: Transcription of multiple PSEUDO RESPONSE REGULATORS (PRRs) is
sensitive to temperature changes with unique expression patterns in higher and lower
temperatures. Differential expression patterns of known clock components as a function of
temperature in Col-0 wild type at 12, 22 and 30 °C in free run in white light. Plants entrained
under 12L/12D cycles at 22 °C for 6 days were transferred to continuous white light at 22 °C, 30
°C or 12 °C under free running rhythms and after 24 hours in free running conditions, plants
were harvested 3 hours after subjective dawn, when XCT protein levels were reported to peak
(Martin-Tryon & Harmer, 2008). (A) TOC1, PRR3, PRR5 and XCT transcripts are upregulated
at 12 and 30 °C relative to 22 °C. (B) PRR7, PRR9, CCA1 and LHY transcripts are
downregulated at 12 and 30 °C relative to 22 °C. The error bars show SEM of two biological
replicates.
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Discussion
XCT function is required for optimal growth and even for survival at some temperatures (Figures
3.2, 3.3 and 3.4) and XCT expression is itself temperature sensitive. Together, these observations
suggest XCT may play an important role in adaptation to diverse temperatures. We previously
demonstrated that Arabidopsis and fission yeast orthologs of XCT are functionally conserved at
physiological and molecular level and XCT ortholog in fission yeast, Xap5 is involved in
chromatin regulation (Chapter 2). Chromatin modifications play important roles under multiple
biotic and abiotic stress pathways (Chapter 1; (Kim et al, 2010; Luo et al, 2012a)) since stressresponsive genes are highly regulated at the level of chromatin. Multiple chromatin regulatory
(epigenetic) gene mutants have reduced tolerance to heat stress including HDA6 and several
members of small RNA pathways (Popova et al, 2013). Since response to temperature stress
involves chromatin and transcription level regulation (Mittler et al, 2012) it is possible that XCT
plays an important role in a thermal sensing pathway.

We also showed that Xap5 functions in a similar manner to H2A.Z to repress many loci
throughout the S. pombe genome (Chapter 2). Coleman-Derr and Zilberman (2012a) reported in
Arabidopsis that the H2A.Z variant is required for normal expression of stress-regulated genes in
favorable conditions. The authors showed a positive correlation between H2A.Z deposition in
gene bodies and changes in gene expression under biotic and abiotic stresses. Similarly, in S.
pombe Pht1/H2A.Z deposition in gene bodies is essential for proper expression of genes
involved in meiosis and stress responses (Sadeghi et al, 2011). We also observed that fission
yeast genes with the highest levels of Pht1/H2A.Z within the gene body are enriched for
response to stress GO terms. These genes are preferentially upregulated in the ∆xap5 mutant
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(Chapter 2). H2A.Z also plays an important role in temperature sensing. Kumar and Wigge
(2010) demonstrated that H2A.Z association with temperature responsive genes is itself
temperature dependent, with H2A.Z being depleted at higher temperatures (Kumar & Wigge,
2010). These observations suggest that XCT might function in parallel with H2A.Z in a thermal
sensing pathway.

Further supporting the involvement of XCT in regulation of stress related genes, we reported that
upregulated genes in the S. pombe Δxap5 mutant are enriched for GO categories involved in
stress responses including response to heat, response to oxidative stress and cellular response to
reactive oxygen species (Chapter 2). One of the major consequences of heat stress is the excess
generation of reactive oxygen species (ROS), which leads to oxidative stress (Mittler et al,
2012). In Arabidopsis, Ellison et al. (Ellison et al, submitted) report that genes upregulated in
xct-2 mutants at 22 °C are enriched for GO categories involved response to stress and among the
enriched GO categories of downregulated genes is response to abiotic stimulus. This suggests
that although the Xap5 in S. pombe may be exclusively involved in repression (Chapter 2), the
plant XCT may involve in both activation and repression. Together these analyses suggest that
XCT may be involved in a temperature-sensing pathway involved in the regulation of the
temperature-sensitive genes.

Although loss of XCT affects circadian rhythmicity and plant survival in a temperature-sensitive
manner, temperature compensation is not significantly altered (Figure 3.5A). In contrast,
temperature compensation is severely affected in prr7-3 prr9-1 double mutants, with more than
10 hours difference in circadian periods between 12 and 30 °C (Salome et al, 2010). In addition,
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these mutants require larger diurnal differences in temperature than wild type to be entrained by
thermocycles (Salome et al, 2010). It has not been determined whether entrainment by
thermocycles is altered in xct-2.

The temperature-sensitive upregulation of PRR7 and PRR9 in xct-2 may underlie the
temperature-sensitive arrhythmicity of this line (Figure 3.5B). Although PRR7 and PRR9
transcripts are upregulated subtly at 22 °C in xct-2, their levels go up many fold at 12 and 30 °C.
prr7-3 (Kaczorowski & Quail, 2003; Michael et al, 2003; Yamamoto et al, 2003) and prr9-1
(Eriksson et al, 2003; Ito et al, 2003; Michael et al, 2003) have slightly long circadian periods
whereas the prr7-3 prr9-1 double mutant has a very long period (Farre et al, 2005; Salome &
McClung, 2005). Conversely, PRR9-ox plants have a short circadian period (Matsushika et al,
2002) while PRR7 overexpression causes arrhythmia or short periodicity (Farre & Kay, 2007).
Therefore upregulation of PRR7 and PRR9 may explain the short-period and conditional
arrhythmic phenotypes of xct-2 mutants.

Expression of the clock components TOC1, GI, CCA1 and LHY has previously been shown to be
affected by ambient temperature (Gould et al, 2006). The authors (Gould et al, 2006) suggested
that LHY function predominates over that of CCA1 at 27 °C whereas the converse is true at 12
°C. I also observed that in wild type LHY levels are more strongly downregulated at 30 °C than
those of CCA1 (Figure 3.7) suggesting LHY function may predominate at 30 °C. Since CCA1
and LHY downregulate TOC1 (Alabadi et al, 2001) the observed increase in TOC1 transcript
levels at both 30 °C and 12 °C could be a direct consequence of that feedback mechanism.
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Conclusions
Chromatin regulation plays an important role in regulating the expression of stimulus-responsive
genes. Since XCT is a chromatin regulatory protein it can regulate both circadian clock genes
and temperature-responsive genes, which belong to the stimulus-responsive gene category. This
may explain the requirement for XCT for plant survival at both high and low temperatures. The
upregulation of the partially redundant PRR7 and PRR9 genes at high and low temperatures in
xct-2 may explain the temperature-sensitive arrhythmicity of this mutant. Expression of other
clock genes is perturbed in xct mutants, but it is not clear whether this is directly due to loss of
XCT activity or a consequence of the tightly regulated interconnected transcriptional feedback
loops that make up the plant clock.

Materials and Methods

Fission Yeast Growth
Strains used are listed in Table 2.5. All yeast media and standard methods were according to
Forsburg and Rhind (2006).

Plant Growth Experiments
For all experiments Arabidopsis seeds were sterilized with ethanol and plated on MS (rpi
Research Products International Corp.) 0.7% agar (EMD Chemicals Inc.) plates containing 3%
sucrose (Fisher Chemical). Then they were stratified at 4°C for 3 days. For heat stress survival
assessment, plants were grown initially at 22°C in 12L/12D cycles for 7 days and then
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transferred to continuous white light (60 µmol) either at 38°C or 22°C. Number of plants dead or
severely damaged was quantified after 24 hrs. For the assessment of growth under different
temperatures plants were grown at 22 °C in 12L/12D cycles for 7 days and transferred to either
27, 22 or12 °C in 12L/12D cycles for another 7 days. Fresh weights of 14 day-old seedlings were
measured.

Circadian Period Assay
Seeds were prepared as per plant growth experiments and then they were stratified at 4°C for 3
days before 12:12 light/dark entrainment at 22°C. After 6 days, seedlings were sprayed with
3mM D-luciferin (Biosynth AG) and transferred to 12, 22 or 30 °C in continuous white light (60
µmol, provided by monochromatic red and blue LEDs) for monitoring CCR2pro::LUC
expression with a cooled CCD camera (ORCA II ER, Hamamatsu). Other details are as
described in Chapter 2 under Materials and Methods. Relative Amplitude Error (RAE) is utilized
to measure the strength of the rhythmicity of plants. RAE is defined as the ratio of the amplitude
error to the most probable derived amplitude magnitude (Fourier Fast Transform-Non-Linear
Least Squares (FFT-NLLS) (Plautz et al, 1997)). This value ranges from 0 to 1, with 0 meaning a
rhythmic component has an infinite precision and with 1.0 (or greater) meaning the rhythm is not
significant (i.e., error equal to or exceeding the most probable amplitude magnitude). Therefore a
perfect noise-free cosine wave would return an RAE of 0, because the analytical estimate of
rhythmic amplitude would be determined with practically no error.
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Quantitative RT-PCR Analysis
In S. pombe single colonies were grown in EMM50 at 20 °C, 30 °C and 37 °C as described for
growth experiments. Cultures were sampled at 3 hour intervals for cultures at 30 °C and 37°C
and at 6 hour intervals for cultures at 20 °C. RNA extraction and other details are as described in
Chapter 2 under Materials and Methods. Samples were run in triplicate and relative starting
quantity was estimated from critical thresholds compared to the standard curve of amplification.
Data presented were normalized to act1 expression levels. All primer sets contain one primer,
which bridges an intron to reduce genomic amplification. Melt curve analysis was performed
following amplification to confirm specificity of products over primer dimmers. XAP5 qPCR
primers are 5’ATGAGCGGCCATACTGATGCCGATG3’ (forward) and
5’TCTTTTCTCTTTTTTATTTTAGTACTTGTG3’ (reverse). Primers used for act1 are as
described in Helmlinger et al (2008).

Arabidopsis plants were grown initially at 22°C in 12L/12D cycles for 7 days and then
transferred to continuous white light (60 µmol) either at 38°C or 22°C. Tissues were
homogenized in a bead beater with 1 ml Trizol reagent (Invitrogen). RNA was extracted as per
the Invitrogen Trizol reagent protocol. Extracted RNA was digested with DNase I (Qiagen) for
30 minutes at room temperature and cleaned up with 3M sodium acetate. Oligo dT primed cDNA
prepared with SuperScript II Reverse transcriptase (Invitrogen) was used for quantitative RTPCR. The reactions were performed using an iCycler (Bio-Rad) and reaction details are as per
Chapter 2, Materials and Methods. Samples were run in triplicates and relative starting quantity
was estimated using the ∆∆CT (Livak & Schmittgen, 2001) method. Data presented were
normalized to either ACT (Figure 3.2) PP2A (Figures 3.6 and 3.7) expression levels. Melt curve
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analysis was performed following amplification to confirm specificity of products over primer
dimers. All the primers used are listed in Table 3.2.

Table 3.2: qRT-PCR primers used
Gene
Primers
HSP70
(At3g12580)
XCT
ACT2
PRR1/TOC1
PRR3
PRR5
PRR7
PRR9
CCA1
LHY
PP2A

Reference

Forward: 5’ CAACACCGTCTTCGATGCTA 3’
Reverse: 5’ GAACTGTTTCTCCTCTCCCTTGT 3’
Forward: 5’ TGGAGAAGAGGGTTAATATTCG 3’
Reverse: 5’ GCAACTCCTCTTCCTCTTGC 3’
Forward: 5’ CTCTCCCGCTATGTATGTCG 3’
Reverse: 5’ TCCATCTCCTGCTCGTAGTC 3’
Forward: 5’ AATAGTAATCCAGCGCAATTTTCTTC 3’
Reverse: 5’ CTTCAATCTACTTTTCTTCGGTGCT 3’
Forward: 5’ GCCTTAAACGTAAAGAGCGATGTT 3’
Reverse: 5’ TGCTATGGTACCTAACCTTTTTCTCAA 3’
Forward: 5’ ATTCCGAATGAAGCGAAAGGA 3’
Reverse: 5’ TCGTAACGAACCTTTTTCTCATAACAT 3’
Forward: 5’ GAATGTGCTGAGGCGTTCAGA 3’
Reverse: 5’ GGCTGGATTATACCTTGAGAAAGC 3’
Forward: 5’ GTTGAAGAGGAAAGATCGATGCTT 3’
Reverse: 5’ CTGCTCTGGTACCGAACCTTTT 3’
Forward: 5’ CAGCTCCAATATAACCGATCCAT 3’
Reverse: 5’ CAATTCGACCCTCGTCAGACA 3’
Forward: 5’ CAATGCAACTACTGATTCGTGGAA 3’
Reverse: 5’ GCTATACGACCCTCTTCGGAGAC 3’
Forward: 5’ TAACGTGGCCAAAATGATGC 3’
Reverse: 5’ GTTCTCCACAACCGATTGGT 3’
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Martin-Tryon and
Harmer (2008)

Mockler et al (2004)
Mockler et al (2004)
Mockler et al (2004)
Mockler et al (2004)
Mockler et al (2004)
Mockler et al (2004)
Mockler et al (2004)
Czechowski et al (2005)

Chapter 4: Conclusions and Future Work

4.1. XCT is conserved in Eukaryotes
I showed that the XCT orthologs are functionally conserved between Arabidopsis thaliana and
Schizosaccharomyces pombe at both physiological and molecular level (Chapters 2 and 3).
Growth analyses under suboptimal conditions and molecular analyses of the respective mutants
and other related mutants in both fission yeast and Arabidopsis revealed that this conserved
function is important under unfavorable growth conditions (Chapters 2 and 3; (Ellison et al,
submitted)). XAP5 and XAP5-like orthologs are also regulated by stress in human, suggesting
such functions may be conserved in mammals (Kolb-Kokocinski et al, 2006; Mazzarella et al,
1997; Zhang et al, 2011a). The Arabidopsis XCT-cDNA rescues both the slow growth and other
molecular phenotypes of the fission yeast ∆xap5, and xap5-cDNA expressed under the control of
the XCT native promoter rescues most plant developmental phenotypes. However Xap5 failed to
rescue the hypocotyl growth and circadian period phenotypes (Chapter 2). This may suggest the
presence of at least two distinct functional domains in the plant XCT protein. Interestingly the
Arabidopsis XCT is 49 amino acids longer than the fission yeast Xap5, suggesting plant XCT
may have functional motifs that the fission yeast protein lacks (Figure 4.1). This may be one of
the major reasons why the fission yeast xap5 couldn’t rescue the clock period and hypocotyl
phenotypes. Interestingly, fission yeast have not been reported to have a circadian clock,
suggesting that this region may be specialized for clock function.
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Figure 1: Alignment of A. thaliana XCT and S. pombe Xap5 proteins. Symbols, : indicates
identical and . indicates similar amino acids.

Future Directions
The hypothesis that the N-terminal 49 amino acid region of Arabidopsis XCT contains a
functional domain(s) important for circadian regulation and /or hypocotyl growth could be tested
by determining whether the xct-2 clock period phenotype is rescued by an XCT gene lacking the
N-terminal region. Similarly this could be also tested by introducing a chimeric gene in which
the XCT-N_terminal is fused to xap5 in to xct-2 mutants.
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4.2. XCT/Xap5 is novel chromatin regulator involved in growth, development, stress
responses and circadian clock
I demonstrated in fission yeast that XCT/Xap5 is a novel chromatin regulator mainly involved in
gene silencing at euchromatic loci. Xap5 co-localizes with the H2A variant H2A.Z/Pht1 at repeat
element loci, such as transposable elements, long terminal repeats (LTRs) and wtf repeat
elements, that are upregulated in both xap5 and pht1 mutants. These interactions presumably
mediate this silencing function. Xap5 and H2A.Z/Pht1 also suppress many aberrant transcripts
including antisense, intergenic and repeat elements.

XCT has homologues in S. pombe and human but not in budding yeast, Saccharomyces
cerevisiae. Thus XCT should be an ancient gene found in the eukaryotic ancestor. Most of the
ancient genes in fission yeast that have been lost in the S. cerevisiae lineage are not essential
(mutants have no obvious growth defect under normal growth conditions) as seen for Δxap5
(Decottignies et al, 2003). However XCT is essential in Caenorhabditis elegans, where
knockdown of xap5 expression causes embryo lethality (Piano et al, 2002). This suggests that in
higher eukaryotes Xap5 regulation of gene expression is important in key pathways not found in
fission yeast, such as embryonic development, circadian clock, photomorphogenesis, etc.
Including xap5, there are 571 genes in S. pombe that are not found in S. cerevisiae. GO
enrichment analysis for biological function of this list reveals 32 significantly enriched terms
(p<0.01). Twelve (37.5%) of them are in chromatin related processes, with another nine (28%) in
gene silencing and four (12.5%) in RNAi mediated gene silencing (Table 4.1). S. cerevisiae lacks
the RNAi and H3K9 methylation pathways, which are mainly involved in gene silencing and
heterochromatin maintenance. Given the overall enrichment of chromatin-related genes among
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genes present in S. pombe but absent from S. cerevisiae, it is not surprising to find that Xap5 is
involved in gene silencing.

Table 4.1: Significantly enriched GO categories for biological function of S. pombe genes
without identifiable homologs in S. cerevisiae (p≤0.01)
GOID
31047
31048
30702
8214
16577
40029
16458
19627
6342
30466
31056
31060
6348
51570
35194
10388
16246
398
338
7155
31399
375
33169
7535
30979
44264
45141
34397
43043
5976
31329
8380

	
  

corr pvalue
8.21E-08
3.13E-06
1.05E-04
1.05E-04
1.05E-04
3.84E-04
3.84E-04
1.13E-03
1.41E-03
1.74E-03
2.01E-03
2.62E-03
2.62E-03
3.80E-03
4.38E-03
4.38E-03
4.38E-03
4.50E-03
4.50E-03
4.50E-03
4.63E-03
4.68E-03
4.68E-03
4.68E-03
4.68E-03
4.68E-03
5.03E-03
5.03E-03
7.93E-03
8.29E-03
8.89E-03
9.61E-03

Query
(559)
15
11
18
8
8
25
25
6
23
12
13
11
9
8
5
5
5
27
6
8
16
27
4
4
4
16
7
7
5
16
18
27

Background
(5230)
21
14
46
10
10
88
88
7
84
29
34
26
18
15
6
6
6
118
9
16
54
120
4
4
4
55
13
13
7
58
70
127

Description
gene silencing by RNA
chromatin silencing by small RNA
chromatin silencing at centromere
protein amino acid dealkylation
histone demethylation
regulation of gene expression, epigenetic
gene silencing
urea metabolic process
chromatin silencing
chromatin silencing at silent mating-type cassette
regulation of histone modification
regulation of histone methylation
chromatin silencing at telomere
regulation of histone H3-K9 methylation
posttranscriptional gene silencing by RNA
cullin deneddylation
RNA interference
nuclear mRNA splicing, via spliceosome
protein deneddylation
cell adhesion
regulation of protein modification process
RNA splicing, via transesterification reactions
histone H3-K9 demethylation
donor selection
alpha-glucan biosynthetic process
cellular polysaccharide metabolic process
meiotic telomere clustering
telomere localization
peptide biosynthetic process
polysaccharide metabolic process
regulation of cellular catabolic process
RNA splicing
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4.3. XCT Affects Multiple Pathways
Genes upregulated in the S. pombe Δxap5 mutant are enriched for GO categories involved in
stress responses including response to heat, response to oxidative stress and cellular response to
reactive oxygen species (Chapter 2). Similar observations were made in A. thaliana since genes
misexpressed in plant mutant for XCT are enriched for GO categories involved response to stress
and response to abiotic stimulus among up- and down-regulated genes respectively (Ellison et al,
submitted). These observations suggest that XCT/Xap5 is involved in stress responses. I
demonstrated indeed XCT is necessary under temperature stress (Chapter 3). Genes involved in
stress responses are generally stimulus-responsive; they are generally not transcribed under
normal conditions but induced under the correct stimulus or stress. Circadian clock genes and
many genes involved in photomorphogenesis also fall in to this same category since they are
light or temperature-responsive in general (Harmer, 2009). Moreover XCT/Xap5 may regulate
the expression of transcription factors involved in the stimulus-responsive pathways and they in
turn may target genes downstream, in the mutant. We cannot rule out this proposal since there
are 62 and 17 transcription factors are 1.5 fold or more misregulated (p≤0.05) in the Arabidopsis
xct-2 and S. pombe ∆xap5 mutants respectively (Table 4.2). For instance S. pombe Xap5 protein
is enriched by more than 5-fold in the promoter of Ste11, a stress responsive transcription factor
and the gene is 4-fold upregulated in the ∆xap5 mutant.

Furthermore it has been demonstrated that H2A.Z regulates the expression of many stimulusresponsive genes, responsive to various biotic and abiotic stimuli by chromatin modifications
associated with H2A.Z deposition in these loci (Coleman-Derr & Zilberman, 2012a; Kumar &
Wigge, 2010; Sadeghi et al, 2011). Xap5 and H2A.Z have close genetic relationship as described
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above. Therefore all these observations and findings regarding XCT suggest that XCT regulates
the transcription of stimulus-responsive genes. The pleiotropic phenotypes of xct-2 mutants
suggest that XCT is not specifically involved in each of the pathways related to each phenotype.
However, since XCT expression is sensitive to temperature in both Arabidopsis and fission yeast,
it is possible that it is particularly important in temperature stress. In addition proteins copurified with S. pombe Xap5 are significantly enriched for GO biological functions involved in
response to heat (Table 4.3); however, the unreplicated nature of this experiment makes it
difficult to draw firm conclusions regarding this result. Notably, XCT protein levels may be
light-regulated (Martin-Tryon & Harmer, 2008), suggesting it may play an important role in
many environmental response pathways.

Table 4.2: Transcription Factors Misregulated in XCT Mutants (≥ 1.5-fold, p≤0.05)
Mutant
S. pombe ∆xap5
A. thaliana xct-2

	
  

Upregulated Downregulated
15
2
27
35
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Table 4.3: Significantly enriched GO categories for biological function of S. pombe proteins
co-purified with Xap5 (p≤0.05)

	
  

GO-ID
42180
19752
6520
9056
44106
32878

corr pvalue
5.65E-04
6.48E-04
3.01E-03
3.01E-03
7.95E-03
1.13E-02

sample
(192)
29
27
21
37
21
9

background
(5230)
290
278
204
496
222
52

44248
9308
9408
22604
19932
16050
44281
8360
22603
6900
46394
16192
8652
50793
6897
61161

1.13E-02
1.13E-02
1.35E-02
1.71E-02
2.31E-02
2.33E-02
2.33E-02
2.33E-02
2.33E-02
2.33E-02
2.33E-02
2.43E-02
2.58E-02
2.58E-02
2.84E-02
3.34E-02

31
21
7
9
7
5
40
8
9
3
14
23
12
9
8
7

417
233
33
58
37
18
639
50
63
5
138
299
109
66
54
44

44265
51186
44271
16310
9309
9084
5991
6508
9628
31137
6418
43900

3.39E-02
3.73E-02
3.73E-02
4.02E-02
4.08E-02
4.20E-02
4.20E-02
4.20E-02
4.81E-02
4.81E-02
4.81E-02
5.00E-02

21
14
18
18
12
5
3
18
9
8
6
8

275
151
222
224
120
24
7
227
77
63
37
64

Description
cellular ketone metabolic process
carboxylic acid metabolic process
cellular amino acid metabolic process
catabolic process
cellular amine metabolic process
regulation of establishment or maintenance of cell
polarity
cellular catabolic process
amine metabolic process
response to heat
regulation of cell morphogenesis
second-messenger-mediated signaling
vesicle organization
small molecule metabolic process
regulation of cell shape
regulation of anatomical structure morphogenesis
membrane budding
carboxylic acid biosynthetic process
vesicle-mediated transport
cellular amino acid biosynthetic process
regulation of developmental process
endocytosis
positive regulation of establishment of bipolar cell
polarity resulting in cell shape
cellular macromolecule catabolic process
cofactor metabolic process
cellular nitrogen compound biosynthetic process
phosphorylation
amine biosynthetic process
glutamine family amino acid biosynthetic process
trehalose metabolic process
proteolysis
response to abiotic stimulus
regulation of conjugation with cellular fusion
tRNA aminoacylation for protein translation
regulation of multi-organism process
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4.4. XCT’s Role: Repression, Activation or Both?
In S. pombe mutant for xap5, more than 80% of the misexpressed genes are upregulated,
indicating that Xap5 is primarily a repressor of gene expression (Chapter 2). However, in
Arabidopsis mutant for XCT, the number of transcripts up and down regulated is approximately
equal. This could be because in higher eukaryotes XCT may interact with chromatin regulatory
proteins not found in S. pombe. These putative protein-protein interactions may result in gene
activation. Replacement of histone H2A with the variant H2A.Z creates a nucleosome with a
more open confirmation, facilitating the binding of both activating and repressing transcription
complexes (Kumar & Wigge, 2010; March-Diaz et al, 2008; Raisner & Madhani, 2006). Since
XCT closely functions with H2A.Z, XCT binding to chromatin may bring similar effects.

Another plausible explanation could be that the gene activation function of XCT is indirect. XCT
might repress expression of repressors of gene expression so that the genes repressed by the
particular repressor get activated in the presence of XCT. As discussed in Chapter 3, the
relationship between XCT and PRRs could be an example for such a scenario; that is, XCT
might repress expression of the PRRs, which would otherwise repress expression of their target
genes. Similar observations have been made for other chromatin regulatory proteins thought to
be exclusively involved in gene silencing. For instance Arabidopsis plants mutant for histone
deacetylase HDA6 display similar patterns of up and down regulation of genes (Popova et al,
2013; Wu et al, 2008).
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Experiments to determine whether XCT is exclusively a repressor in plants
The following experiments can serve multiple purposes if they employ XCT-PRR system as
discussed in Chapter 3 and in this chapter above. Since XCT is nuclear localized and its
functions are chromatin associated, we need to perform ChIP-qPRT-PCR experiments under the
conditions in which PRR genes are misregulated to show that XCT is enriched in these PRR loci.
An alternative method would be to employ ChIP-seq, which will enable us to identify genome
wide protein enrichment of XCT. All these experiments must be performed under high and low
temperatures to capture any dynamic change in XCT binding upon exposure to different
temperature regimes. These findings might be strengthened by generating double mutants of
XCT and relevant PRR genes to determine whether the circadian clock defects at different
temperatures (Chapter 3) are due to the overexpression of PRR genes in the xct-2 mutants.

4.5.0. Mode of action of XCT
We established that XCT/Xap5 associates with chromatin, regulates gene expression and
genetically interacts with the histone H2A variant H2A.Z, the H3K4 methyltransferase Set1, the
H3K9 methyltransferase Clr4, the histone deacetylases Clr3 and Clr6, and RNAi pathway
components such as Dcr1. Moreover, most misexpressed sequences in ∆xap5 are upregulated,
and among these 60% represent aberrant transcripts such as antisense and intergenic sequences
while only 36% correspond to protein coding gene transcripts (including the wtfs, a family of
genes of unknown function). Therefore Xap5 is not likely to encode a typical transcription factor
and instead the primary function of Xap5 in yeast appears to be the genome-wide transcriptional
silencing of antisense, intergenic and repeat element loci. However the mode of action of
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Xap5/XCT needs to be established. Based on our data and analyses of literature on many
chromatin-associated proteins I have two possible proposals or hypotheses for the mode of action
of XCT.

4.5.1. Hypothesis 1: XCT is an essential component of a chromatin modifying enzyme
complex (HDA6-Model).
I see similarity between the function of XCT and other chromatin modifying enzymes involved
in gene/chromatin silencing. For instance Histone Deacetylase (HDA6) plays important roles in
plant development including flowering, stress responses, and rDNA and transposable element
silencing (Chen et al, 2010; Chen & Wu, 2010; Kim et al, 2012b; Luo et al, 2012b; Luo et al,
2012c; Popova et al, 2013). XCT/Xap5 mutants in both Arabidopsis and fission yeast show
similar pleiotropic developmental and stress response related phenotypes and display activated
expression of retrotransposons. S. pombe Xap5 protein is enriched at telomeres, especially in the
intergenic regions near rDNA loci in chromosome 3 (Figure 4.2; Chapter 2). Additionally, in S.
pombe, xap5 closely genetically interacts with histone deacetylases clr6 and clr3 and the
transcriptomes of these mutants show moderate but statistically significant correlations (Chapter
2). Interestingly, Clr3 and Xap5 proteins show similar enrichment patterns in the left telomere of
chromosome 3 in the intergenic regions of r-DNA (Figure 4.2). These data suggest that
XCT/Xap5 may function in a similar manner to these histone deacetylases.

HDA6 also affects DNA methylation. A reduction of CHG and CHH methylation and
transcriptional derepression are detected in the hda6 mutants (To et al, 2011). HDA6 physically
interacts with DNA METHYLTRANSFERASE 1 (MET1) to regulate locus-directed
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heterochromatin silencing (Liu et al, 2012; To et al, 2011). Similarly, DNA is hypomethylated in
the CHG and CHH context in Arabidopsis xct-2 mutants (Ellison et al, submitted). Interestingly,
this DNA methylation phenotype is rescued by S. pombe xap5 despite the fact that S. pombe
lacks DNA methylation. In affinity purification experiments, I found that the H3K9 methyl
transferase SUVH5/SGD9 co-purifies with XCT isolated from plant extracts (Table 4.4).
SUVH5 along with another H3K9 methyl transferase SUVH4/KRYPTONITE (KYP), is required
for the maintenance of non-CG methylation by the CMT3 DNA methyl transferase (Ebbs &
Bender, 2006).

The antagonistic relationship between xap5 and set1 observed in the genetic interaction analyses
in S. pombe (Chapter 2) also provides some support for the hypothesis that XCT is involved in
histone modifications. Set1 is an H3K4 methytransferase, with H3K4 methylation generally
correlated with active gene expression. If Xap5 operates with an opposing role to Set1, might it
be related to histone demethylation or deacetylation mediated silencing? This could mean that
Xap5 somehow antagonizes methylation of H3K4 at loci that should be silenced. In support of
this hypothesis, we observed that Xap5 deposition is mutually exclusive with the H3K4me mark
at the left telomere of chromosome 3 (Figure 4.2). On top of that the close homolog of plant
Set1, SDG25/ATXR7 may physically interact with XCT (Table 4.4).

These observations suggest that XCT might be part of a chromatin modifying enzyme complex.
However XCT proteins do not have any recognizable domains that would lead to predictions
regarding enzymatic activity or interactions with other proteins.
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Figure 4.2: Xap5 protein shows similar enrichment patterns to known chromatin
regulators in telomere 3. Protein enrichment of important chromatin modifiers in S. pombe
Chromosome 3, left telomere region is compared with that of Xap5. Data for other proteins is
extracted from S. pombe Epigenome Home Page (http://pombe.nci.nih.gov)
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Table 4.4: Proteins co-purified with XCT in immunoprecipitation/tandem mass
spectrometry (MS) experiments (percent amino acid sequences detected of each protein)
	
  
	
  

Protein

αHA

αGFP

αHA /αGFP
Tandem

14-3-3-like protein GF14 chi / GRF1

15%

13%

ND

Heat shock cognate 70 kDa protein 1 (HSC70)

13%

8.80%

ND

MLP-like protein 423 (MLP423)

41%

18%

ND

Fructose-bisphosphate aldolase

29%

4.20%

ND

RuBisCO small chain 1B (RBCS-1B)

40%

50%

ND

At3g16350, Homeodomain-like superfamily protein,
regulated by hormones

ND

7%

11%

GATA TRANSCRIPTION FACTOR 28

ND

ND

15%

MED31 (Mediator of RNA polymerase II transcription
subunit 31)

ND

ND

11%

AGL42-Agamous like 42

ND

ND

9.5%

Transcription factor bHLH129

ND

ND

5.10%

MGP3 (male gametophyte-defective 3), DNA
dependent RNA polymerase

ND

ND

4.90%

Calcium-dependent protein kinase 2 (CPK2)

ND

ND

4.30%

SDG25/ATXR7 (H3K4 Methyltransferase )

ND

ND

1.20%*

Histone H2B.10

ND

17%

ND

SPT16

ND

3.9%

ND

H3K9 Methyltransferase SUVH5/SGD9

ND

3.4%

ND

Stress-induced protein KIN2

33%

ND

ND

Calmodulin-1/4, CAM1

31%

ND

ND

HSP70 like protein

20%

ND

ND

	
  	
  	
  	
  	
  	
  	
  	
  ND=not	
  detected;	
  *=only	
  one	
  peptide	
  detected	
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Future Directions
It would be very interesting to determine whether any chromatin marks such as histone H3
methylation and acetylation are altered in the xct-2 mutant compared to wild-type plants. This
could be done by chromatin immunoprecipitation (ChIP) with different histone H3 modification
specific antibodies in xct-2 mutants and Col-0 wild type followed by sequencing of the bound
DNA (ChIP-seq). If histone H3 tail modification(s) are altered then eventually further
characterization of single and double mutants of genes involved in that pathway with xct-2 might
reveal the true biochemical role of XCT. Of course, any changes in chromatin marks in XCT
mutants could be an indirect consequence of its loss, so biochemical experiments would
ultimately be required to establish its molecular function.

4.5.2. Hypothesis 2: XCT is a chromatin binding accessory protein (MeCP2-Model)
Although HDA6 and XCT have molecular and physiological similarities, the XCT protein
doesn’t share sequence similarity to any known histone-modifying enzyme. Since such enzymes
are conserved in eukaryotes (Marmorstein & Trievel, 2009) it is likely XCT is not itself a histone
modifying enzyme but functions close to them. Generally, a histone-modifying protein complex
consists of both a catalytic subunit and associated proteins (Nishida, 2009). Therefore we cannot
rule out that XCT could be associated with a histone-modifying protein complex. However,
another possibility is that XCT is a chromatin-binding accessory or effector protein that
recognizes specific chromatin modifications. Indeed, such proteins with similar genetic
interactions as XCT have been reported.
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Methylated DNA binding proteins (MBPs) may provide a good model for XCT. MBPs bind to
methylated DNA, facilitating the silencing of these methylated loci via subsequent chromatin
modifications (Adkins & Georgel, 2011; Della Ragione et al, 2012; Zemach & Grafi, 2007). In
addition, MBPs can also bind to unmethylated DNA (Baubec et al, 2013; Della Ragione et al,
2012). Though MBPs are classically regarded as repressors of transcription, they are also
involved in activation (Baubec et al, 2013). For instance the mammalian MBP METHYL-CpGBINDING PROTEIN 2 (MeCP2) is a highly abundant chromatin-associated protein involved in
both activation and suppression of transcription at genic loci, repression of transposable element
loci, nuclear organization, and mRNA splicing (Adkins & Georgel, 2011; Baker et al, 2013;
Della Ragione et al, 2012; Mellen et al, 2012; Shin et al, 2013; Xu & Pozzo-Miller, 2013).
MeCP2 binds to methylated DNA and mediates transcriptional repression through interaction
with Sin3-histone deacetylase complex (Martinowich et al, 2003). MeCP2 also binds
unmethylated DNA and recruits the transcriptional activator CREB1 to activate transcription
(Chahrour et al, 2008). Other mammalian MBPs have also been implicated in chromatin
remodeling and transcriptional silencing (Adkins & Georgel, 2011).

The attributes of XCT as described in section 4.5.1 fit also with the possibility that it is similar to
an MBP. Preliminary data suggest that plant XCT physically interacts with both chromatin
silencers (SUVH5/SGD9) and activators (SDG25/ATXR7) (Table 4.4). Moreover, a global
protein-protein interaction study based on chromatographic fractionation followed by
quantitative tandem mass spectrometry (Havugimana et al, 2012) identified a human homolog of
XCT/XAP5, XAP5-like, to physically interact with HISTONE DEACETYLASE 2 (HDAC2), a
homolog of Arabidopsis HDA6. The same study found that human XAP5 physically interacts
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with methyltransferase like 16 (METTL16), which is predicted to have methyltransferase activity
(thebiogrid.org). The plant homolog of METTL16 is FIONA1 (FIO1). Intriguingly, the fio1
mutant shares phenotypes with xct-2, including short hypocotyls and early flowering (Kim et al,
2008a). In addition, fio1 mutants have a circadian phenotype, although their period is ~2.5 hours
longer than wild type rather than shorter as in xct mutants.

There are at least ten functional MBP members in the Arabidopsis genome but they are not fully
functionally characterized (Berg et al, 2003; Zemach & Grafi, 2007). Given its sequence, XCT is
obviously not an MBP. However, the similar mutant phenotypes of XCT to MBPs and HDAs
(including HDA6) suggest that XCT may be an accessory chromatin binding protein that
associates with other chromatin modifying proteins and DNA methyltransferases to regulate
transcription of genic and transposable element loci.

Future Work
Experiments suggested in section 4.5.1 will help narrow down the chromatin modification
pathways, with which XCT is associated. Moving closer to the biochemical function of XCT
requires the identification of functional domains. Arabidopsis will be a good system for that
since xct-2 mutant is viable and has pleiotropic physiological and molecular phenotypes. Serial
truncation analyses might lead to the identification of functional domains in the XCT protein.
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Methods
GO enrichment analysis was done as described in Chapter 2 methods.

Protein-protein interaction analysis
XCT::XCT-YFP-HA (Martin-Tryon & Harmer, 2008) Arabidopsis and the xap5::Xap5-HA-TAP
(used for ChIP in Chapter 2) S. pombe lines were used to purify XCT/Xap5 and associated
proteins. In Arabidopsis, YFP-tagged XCT was immunoprecipitated using either anti-GFP
(Miltenyi Biotech) or anti-HA (Roche) beads. Tandem purifications were also carried out using
both types of beads. In all cases purified proteins were identified by tandem MS analysis at the
UC Davis Proteomics Core Facility. For purification of Xap5 protein from S. pombe the tandem
affinity purification method (Puig et al, 2001) was used with IgG Sepharose and calmodulin
beads (GE Health) and TEV protease (Invitrogen). In both the plant and yeast experiments, we
only considered proteins for which at least two peptides were detected (with the exception of
SDG25, for which only one peptide was identified in the tandem purification, (Table 4.4)). Then
we removed the ribosomal proteins followed by proteins identified in the negative (wild type)
controls as described by Shevchenko et al (2008).	
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