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Environmental stimuli play a major role in modulating growth

and development throughout the life-cycle of a plant.

Quantitative and qualitative variations in light and temperature

trigger changes in gene expression that ultimately shape plant

morphology for adaptation and survival. Although the

phenotypic and transcriptomic basis of plant responses to the

constantly changing environment have been examined for

decades, the relationship between global changes in nuclear

architecture and adaption to environmental stimuli is just being

uncovered. This review presents recent discoveries

investigating how changes in light and temperature trigger

changes in chromatin structure and nuclear organization with a

focus on the role of gene repositioning and chromatin

accessibility in regulating gene expression.
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Introduction
Plants perceive and utilize information from diverse envi-

ronmental stimuli ranging from light quality, intensity,

direction, photoperiod, temperature gradients, nutrient

availability as well as biotic factors to optimize vegetative

and reproductive success. The role of signal integration at

the sub-cellular level is important for coordinating the

biological processes that shape plant morphology, growth

and survival in response to favourable but also adverse

environmental conditions. Environmental stimuli trigger

developmental and metabolic re-programmingthat primar-

ily stem fromchanges ingene expression through theaction

of multi-protein nuclear complexes.

The nucleus, often referred to as the “brain” of the cell, is

the site where genetic information is stored and where

administrative decisions are made to direct growth, differ-

entiation and metabolism in response to endogenous and

environmental stimuli. Histones facilitate DNA packaging

into structures called nucleosomes originally observed by

electron microscopy as “beads on a string” [1,2]. Each

nucleosome is composed of a core octamer containing

two copies of each histone type H2A, H2B, H3, and H4

surrounded by 146 base pairs of DNA [3]. Core histones can

be replaced by histone variants (H2A.Z, H2A.X, H3.1,

H3.3) with specialized properties [4]. Amino-terminal his-

tone tails are enriched in basic amino acids such as lysine

(K) and arginine (R) that can be reversibly modified by

acetylation, methylation, phosphorylation, sumoylation,

ubiquitination, ADP ribosylation and other biochemical

entities [4]. The deposition, removal, and recognition of

specific post-translational modifications (PTMs) to his-

tones is mediated by specialised enzymes known as writers,

erasers, and readers, respectively. Specific histone PTMs

can regulate the level of chromatin condensation or DNA

accessibility, and the combination of these PTMs is known

as the histone code.

The distinction between different chromatin areas was

originally reported based on cytogenetic studies revealing

visibly stained and highly condensed chromosomal

regions, also known as heterochromatin, that contain

transcriptionally inert genes or repetitive sequences [5].

On the contrary, chromatin areas appearing less-intensely

stained and containing gene-rich regions were referred to

as euchromatin [5]. A closer look at euchromatin showed

compartmentalisation of local chromatin states with dis-

tinct transcriptional and epigenetic properties. In addition

to actively transcribed genes and regulatory genomic

regions enriched in histone acetylation, H3K4me3 and

reduced nucleosome occupancy, euchromatin also con-

tains genomic regions which are transcriptionally inert,

enriched in DNA methylation, H3K27me3 and increased

nucleosome density. The establishment and mainte-

nance of heterochromatin and euchromatin at the molec-

ular level at a sequence-specific context is regulated by

the deposition of histone variants, histone modifications

as well as DNA methylation, which play a major role in

influencing chromatin structure, gene accessibility and

nucleosome stability [6].

Major advances in next generation sequencing, leading to

the assembly and annotation of plant genomes, and in

epigenome profiling, have provided a huge amount of
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information essential for interpreting the genetic and

epigenetic mechanisms of plant adaptation [7]. However,

there is very limited information on how plant chromatin

and multi-protein nuclear complexes are organized in the

three-dimensional region of the nucleus. Dynamic sub-

nuclear domains, where large numbers of proteins and

nucleic acids assemble to perform specialized functions,

have been observed in plants and metazoa [8,9]. The

nucleolus acts as the site of ribosomal biogenesis and

together with heterochromatic regions represent by far

the most visibly distinctive sub-nuclear structures in

plants. However, there are numerous uncharacterized

plant nuclear bodies, whose function remains elusive

[8–10].

Several studies have shown that the organization and posi-

tioning of nuclear structures such as the nucleolus and the

chromocenters are not random [11,12]. The topology of

fundamental and conserved nuclear processes such as tran-

scription, splicing,DNA-damagerepairandchromatinmod-

ifications is very important. Changes in the sub-nuclear

localizationofproteins and nucleic acid micro-domains have

been correlated with certain genetic disorders and cancer

[13,14]. Inaddition, the sub-nuclearpositioning ofgeneshas

recently been shown to be involved in telomeric function

and aging in humans [14]. However, it is still unclear

whether disruption of nuclear organization is the cause or

consequence of gene mis-regulation. A series of sophisti-

cated techniques originally introduced in Drosophila mela-
nogasterand mammalian cells, havenowbeen optimized and

employed in plants to investigate nuclear compartments

[15,16]. In particular, Chromatin Conformation Capture

(3C), padlock Fluorescence In Situ Hybridization (FISH)

and live three-dimensional (3D) imaging have opened new

avenues to the field [15,16]. These techniques have already

contributed to major scientific discoveries such as the exis-

tence of topologically associating chromatin domains

(TADs) in large plant genomes and clustering of co-regu-

lated genes [17–19].

The fundamental principles of chromatin organization

and regulation of gene expression are conserved among

kingdoms [20]. Primary studies in Arabidopsis thaliana and

other plant species are leading the way to uncovering

unique mechanisms shaping nuclear architecture and

modulating transcriptional changes in gene expression

in response to a constantly changing environment. Many

excellent reviews discuss the impact of stress and nutrient

availability on plant chromatin organization [7,21–25].

This review discusses recent progresses in our under-

standing of plant nuclear architecture and focuses on how

two environmental stimuli, such as light and temperature,

induce changes in chromatin organization correlating with

regulation of gene expression. Major discoveries in the

mechanisms controlling plant developmental transitions

including photomorphogenesis and flowering, as well as

acclimation that have been accomplished by employing

revolutionary techniques such as Hi-C (3C coupled to

next generation sequencing), high-resolution sub-cellular

imaging combined with chromatin immunoprecipitation

and conventional genetics will be discussed. Understand-

ing how nuclear architecture responds to environmental

fluctuations in light and temperature, and how plants

cope with nutrient availability and stress will not only

provide the tools and knowledge to increase crop produc-

tivity, but will also allow biologists to understand key

biological processes in a tissue-specific context at the

nano-scale level [16,26,27].

Novel discoveries light up plant nuclear
architecture
The eukaryotic nucleus allows communication and con-

trolled transport between the cytosol and the nucleoplasm

through the nuclear pore complex (NPC), which is embed-

ded in the nuclear envelope (NE). The interior of the plant

NE is supported by a matrix of proteins with analogous

properties to the metazoan lamins in maintaining nuclear

structure and influencing chromatin organization and gene

expression [28]. Seminal studies in yeast, flies and mammals

have shown that lamins help with the establishment of sub-

nuclear, chromosomal domains characterized by distinct

nucleosomalarrangement,epigeneticcompositionandtran-

scriptional — mostly repressive — properties and referred

to as lamin-associated domains (LADs) [14,29,30]. Lamins

are thought to act as matrix-tethering LAD regions to the

nuclear periphery facilitated by transcription factors and

histone deacetylases [14]. The mammalian CYSTIC
FIBROSIS TRANSMEMBRANE CONDUCTANCE REGU-
LATOR (CFTR) locus is repressed by relocation to the

nuclear periphery and anchoring to lamins by directly

associating with the CCCTC-binding factor (CTC) and a

HDAC [14]. On the contrary, specific components of the

NPC tend to attract actively transcribed loci and facilitate

the nuclear export of nascent mRNAs [14]. Yeast provides a

great example where gene repositioning to the nuclear

periphery directly correlates with transcriptional activation.

Yeast genes that contain a consensus promoter sequence or

“DNA code” are recognized and recruited to the nuclear

periphery by specific transcription factors that interact with

nuclear pore complex components (NUP) [14].

Recent studies developing a modified chromatin immuno-

precipitation (ChIP) protocol using an epitope-tagged plant

NPC component (NUP1-GFP) known to interact with the

lamin-like matrix revealed that the nuclear periphery of

Arabidopsis is enriched in heterochromatin as well as

repressed coding genes [31]. Correlation of NUP1-associ-

ated sequences with global chromatin interaction  maps

obtained by Hi-C, FISH as well as histone and DNA

methylation patterns indicate that specific areas of the

Arabidopsis nuclear periphery are primarily associated with

transcriptionally repressed regions [31]. These data agree

with initial observations where plant chromocenters (cen-

tromeres and pericentromeric regions containing condensed
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chromatin) have been localized in the nuclear periphery

(Figure 1) [32].

A separate study based on the sequencing of DNA

associated with isolated nucleoli, sorted by fluores-

cence-based flow cytometry, identified nucleolus-associ-

ated domains (NADs) [33]. In addition to rRNA, NADs

show enrichment in telomeres, heterochromatin,

repressed genes and transposable elements (Figure 1).

Interestingly, alterations in the nucleolar structure lead to

shorter telomeric repeats with direct implications in plant

growth, development and fertility [33].

Quantitative 3D imaging of Arabidopsis nuclei has recently

revealed that a cluster of proteins linking the NE with the

cytoskeleton (LINC complex) are important for anchoring

plant chromocenters to the nuclear periphery [34�]. In

particular, LINC mutants exhibit not only altered nuclear

morphology and chromocenter topology, but also abnormal

activation of normally transcriptionally repressed hetero-

chromatic regions. This study indicates that the protein

components of the plant NE are important for regulating

chromatin organization and activity (Figure 1) [34�]. It is

worth mentioning that several light-induced genes such as

CHLOROPHYLL A/B-BINDING (CAB), RUBISCO SMALL
SUBUNIT (RBCS), PLASTOCYANIN (PC) and GENOMES
UNCOUPLED 5 (GUN5) have been observed to re-position

to the nuclear periphery in response to light [35��]. Tether-

ing experiments of reporter genes to a plant nucleoporin

showed an increase in gene expression [36], whereas NUP1-

associated sequences were enriched in repressed genes [31].

These studies indicate that the plant NE potentially

holds a dual role in regulating gene expression depending

on the chromatin context and precise topology on the

nuclear periphery (NPC versus lamin-like protein associ-

ation) [31,35��,36]. Although yeast and mammalian sys-

tems have provided key examples demonstrating a direct

association between gene repositioning to the nuclear

periphery with gene activation or repression, there is very

limited information correlating nuclear positioning and

gene expression in plants [14,35��]. Future molecular,

genetic and imaging studies are required to test the

causality between locus-specific transcriptional regula-

tion and anchoring at the NE, perhaps by identifying

the plant nuclear components required for tethering.

Light triggers dynamic changes in the plant
nucleus
The spectrum of sunlight ranges from invisible ultra-

violet irradiation to visible wavelengths of light. Plants

absorb photons through the action of specialized photo-

receptors (UV-B: UV-RESISTANCE LOCUS 8; blue:

cryptochromes, phototropins, zeitlupes; red/far-red: phy-

tochromes) that localize in most plant organs, whereas

animal photoreceptors localize in specialized visual

organs [37]. Light quality, quantity, direction and dura-

tion provide invaluable information that is essential for

triggering major developmental and architectural transi-

tions in plants. In addition to modulating hormone gra-

dients, light drives major transcriptional re-programming

through the coordinated action and nuclear clustering of

key, shared signaling components and transcriptional

regulators [9,10,38,39].

Histone modifications underlying light regulation of

gene expression

A range of histone modifications and chromatin remodel-

ling enzymes have been shown to play important roles in

mediating light-regulated gene expression in Arabidopsis

[7,10,40]. Histone acetylation and methylation have been

associated with the induction and repression of light-

responsive loci leading to changes in hypocotyl growth

through the action of histone de-acetylases (HDA19,
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Illustration of the main features defining plant nuclear architecture.

Nucleo-cytoplasmic communication and trafficking is achieved through

the action of the nuclear pore complex (NPC). A lamin-like matrix

provides support and docking sites for lamin-associated chromatin

domains (LADs) [29,30]. LADs and nucleolar-associated domains

(NADs) are enriched in chromocenters, repetitive DNA sequences,

transposable elements and silenced loci [33]. Recent discoveries

showed that transcriptionally active and highly expressed genes

associate with the nuclear periphery [35��] and NPC components [31].

The existence of topologically associating domains (TADs) have only

been observed in selected crop species [20,57��,58].
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HDA15), acetyl-transferases (GCN5), methyl-transferases

(SDG8) as well as de-methylases (JMJ20, JMJ22) and

chromatin remodellers (PICKLE) [10,40,41]. More recent

studies have revealed the first report in plants assigning a

physiological and molecular function to H2B mono-ubi-

quitination (H2Bub) in regulating photomorphogenesis,

which is the transition from dark to light-induced plant

development [42]. The levels of H2Bub deposition posi-

tively correlate with the induction of major light signal

integrating components, whereas photoreceptors and pho-

tosynthetic enzymes were unaffected (Figure 2a) [42]. The

significance of a possible cross-talk between H2Bub and

other histone modifications, such as methylation, which has

previously been reported in yeast, remains to be investi-

gated [43]. Furthermore, the role of light quality, quantity,

photoperiod and potentially temperature oscillations in

regulating this process remain unclear. Does H2Bub affect

the accessibility of light-regulated genes to specific tran-

scription factors? Which light wavelengths and photorecep-

tor families regulate H2Bub deposition? Does this modifi-

cation act as a rheostat adjusting gene expression in

response to the environment? Does H2Bub precede or is

it a consequence of light-regulated changes in chromatin

organization?

Light induces changes in genome topology

In addition to mediating changes in histone mark depo-

sition, light can also have a direct role in triggering the

movement of gene loci in 3D. An innovative padlock

FISH protocol was applied in Arabidopsis nuclei and

revealed that light triggered preferential re-positioning

of light-inducible photosynthetic genes (CAB, GUN5, PC)
from the nucleoplasm to the nuclear periphery

(Figure 2a) [35��]. Gene relocation to the nuclear

106 Cell signalling and gene regulation
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Overview of two examples where environmental stimuli trigger short or long-distance changes in chromatin organization. (a) Light mediates

changes in histone modifications, gene relocation to the nuclear periphery and an increase in nuclear size and DNA content through the action of

photoreceptors and light signaling components [35��,42,44��,64,65]. Light-induced changes in nuclear architecture lead to the transcriptional

activation of light-responsive genes essential for photomorphogenesis (CAB, RBCS, GUN5) [35��,44��]. (b) Prolonged cold temperatures are

required for flowering initiation by silencing of the negative regulator of flowering FLC. Prolonged cold triggers FLC gene clustering and disruption

of gene loop formation followed by epigenetic silencing of FLC through the deposition of repressive histone marks [53,54��].
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periphery was correlated to an increase in transcript

abundance verified by quantitative gene expression anal-

ysis. The red-light receptor phyB, key light signaling

components (COP1: CONSTITUTIVE PHOTOMOR-

PHOGENIC 1, DET1: DE-ETIOLATED 1) and, to a

lesser extent, transcription factors play a role in mediating

the relocation of the afore-mentioned loci in response to

light [35��].

As previously discussed, the NPC has been associated

with active transcription by facilitating newly-synthe-

sized mRNA export in metazoa and yeast, whereas the

nuclear periphery in general has been associated both

with active gene expression or silencing [14,31,35��,36].
Light-induced gene relocation therefore provides the first

piece of evidence linking environmentally-induced acti-

vation of gene expression with the nuclear periphery in

plant cells [35��]. Whether these light-regulated loci

directly associate with subunits of the NPC remains to

be determined. More importantly, do these light-regu-

lated loci contain a common “DNA code” in their pro-

moters that could potentially be recognised by specific

transcription factors that facilitate their recruitment to the

NPC in a similar manner to several yeast genes [14]? It

will be interesting to examine if non-photosynthetically-

related light-induced genes also exhibit re-positioning to

the nuclear periphery, and if light-repressed loci follow

the opposite pattern.

Nuclear reorganization in response to blue and red light

To investigate how light mediates large-scale changes in

nuclear morphology and genome-wide chromatin organi-

zation, and how these changes correlate with the regula-

tion of gene expression and plant development, a combi-

nation of cytogenetic and next generation sequencing

approaches have been employed in Arabidopsis

[44��,45�]. The key light signaling components COP1

and DET1 were shown to have major functions in medi-

ating heterochromatin relaxation prior to a seedling’s

initial exposure to light [44��]. Upon photomorphogene-

sis, light triggers the gradual condensation of heterochro-

matin leading to a significant increase in nuclear expan-

sion, and the appearance of chromocenters that are clearly

visible in cotyledon cells of five-day old seedlings

(Figure 2a) [44��]. This response is primarily induced

by blue and, to a lesser extent, red light through the action

of cryptochromes and phyB, respectively. No correlation

was observed between heterochromatin condensation

and DNA methylation, whereas an increase in RNA

Pol II activity was measured in response to light [44��].
These data clearly indicate that germination is accompa-

nied by chromatin decondensation, followed by light-

regulated chromatin re-condensation during cotyledon

differentiation and leaf maturation [46]. A reciprocal

phenomenon is observed when mature plants are grown

under low-intensity light and prior to flowering, where

cry2 triggers heterochromatin decondensation in leaf cells

[46]. To understand how photoreceptors trigger diverse

chromatin changes during germination, de-etiolation and

flowering would require more detailed analysis at a tissue

or even cell type-specific level. Do photoreceptors medi-

ate light-regulated changes in chromatin architecture by

associating with specific protein complexes and chroma-

tin remodeling machinery at different developmental

stages, tissues and cell-types?

A recent report examining the nuclear size and het-

erochromatin index in different Arabidopsis accessions

has assigned a novel role to the red light receptor and

thermosensor, phyB, in negatively regulating nuclear

expansion and heterochromatin condensation [45�].
High temperature is also known to trigger chromatin

decondensation in plant nuclei [21]. Future studies

focusing on how phyB and other photoreceptors con-

trol changes in nuclear architecture and how these

changes correlate with the transcriptional regulation

of gene expression in response to light and tempera-

ture could provide a better understanding of signal

integration  and output in repose to a constantly chang-

ing environment.

Temperature fluctuations impact local nuclear
organization
Temperature is an important environmental parameter

that regulates heterochromatin compaction within the

plant nucleus [12]. More specifically, heat stress has

been shown to lead to a reduction in nucleosome den-

sity, which is primarily regulated by the chromocenter-

localized protein HEAT-INTOLERANT 4 (HIT4)

[12,47]. The intimate relationship between light and

temperature was formally solidified through the discov-

eries that Arabidopsis phyB and Marchantia polymorpha
phototropin can act as thermosensors due to thermo-

regulation of their photocycle kinetics [38]. Moreover, an

increasing number of seminal research articles demon-

strate how light and temperature pathways integrate

through shared signaling components and transcriptional

hubs that modulate gene expression [38,48]. Whether

changes in ambient temperature can modulate the pho-

tochemistry, signaling activity, post-translational modi-

fications and protein interactome of all plant photore-

ceptors remains to be investigated. In particular,

photoreceptors such as phytochromes and crypto-

chromes that are involved in light-mediated changes

in nuclear architecture and gene expression could also

play a role in modulating temperature-mediated chro-

matin decondensation. The role of photoreceptors and

light signaling components in regulating the expression

of chromatin remodelling enzymes in response to light

[49] or temperature is limited, but currently flourishing

and could provide molecular insights in understanding

the mechanisms underlying chromatin organization in

response to the environment.
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Chromatin remodelling in response to elevated

temperature

Thermomorphogenesis refers to a set of morphological and

developmental responses (elongated hypocotyls, stems

and petioles; early flowering) resulting from an increase

in ambient temperature. Plant thermomorphogenic phe-

notypes resemble the shade avoidance response, both of

which are partly mediated by phyB-regulated changes in

gene expression [48]. As previously mentioned, elevated

temperature leads to chromatin decondensation [12]. The

role of chromatin remodelling in regulating thermomor-

phogenesis through the “eviction” of the histone variant

H2A.Z was a revolutionary finding in the plant field [48].

Heat shock factors (HSF1) have recently been shown to

directly bind to the transcriptional start site of genes

induced by warm temperatures (26–28 �C) and act as a

prerequisite for the removal of H2A.Z leading to transcrip-

tional activation [50].

New evidence is emerging in examining the function of

histone modifications in inducing thermo-regulated gene

expression. The chromatin remodelling factor PICKLE

(PKL), previously shown to act as a negative regulator of

photomorphogenesis, has an active role in promoting

hypocotyl elongation in response to high temperature.

More specifically, PKL modulates the methylation status

of H3K27 and activates the expression of auxin-respon-

sive and growth-promoting genes essential for hypocotyl

growth specifically at 28 �C. PKL bridges not only light

and temperature signaling, but also circadian rhythms, as

the CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1)

component is reported to associate with the PKL pro-

moter and induce its transcript accumulation [51�].
Future research investigating the role of different histone

modifications and transcriptional regulators in controlling

genome-wide chromatin patterns in response to light,

clock, hormone and temperature changes is needed for

understanding the molecular mechanisms of signal inte-

gration at the chromatin level. Resolving the temporal

and spatial dynamics of multi-stimulus induced chroma-

tin re-organization and transcriptional regulation of gene

expression could be challenging, but very informative.

More specifically, what determines the rapidity of light or

temperature-induced changes in gene expression? Do

photoreceptors, transcriptional regulators and chromatin

remodelling enzymes cluster as large multi-protein com-

plexes in the vicinity of coregulated genes [10]? Are there

intrinsically disordered scaffold proteins that facilitate

signal integration through protein interactions near spe-

cific chromatin domains? Does the plant nucleus exhibit

liquid-liquid phase separation to control nuclear organi-

zation in response to environmental stimuli [52]?

Cold-induced changes in chromatin conformation

Vernalization, also known as the requirement of a pro-

longed cold winter period prior to inducing flowering

initiation, is by far one of the best characterized epigenetic

silencing pathways in response to environmental stimuli.

Winter temperatures lead to silencing of FLOWERING
LOCUS C (FLC) through the action of long non-coding

RNAs, followed by the progressive deposition of chromatin

repressive marks by the Polycomb Repressive Complex 2

(PRC2) (Figure 2b) [53]. Short-distance chromatin loops, as

well as irreversible, cold-induced long-distance interac-

tions of the Arabidopsis FLC loci have been observed using

3C and live imaging, respectively [53,54��]. In the latter

case, FLC clustering showed a direct correlation with cold-

induced epigenetic silencing through deposition of H3K27

trimethylation (Figure 2b) [53,54��]. However, the molec-

ular and cellular mechanisms regulating such long-distance

chromatin clustering in response tovernalizationremains to

be elucidated. Are there specific histone modifying

enzymes that facilitate clusteringtopredefinedsub-nuclear

compartments?

Experiments performed in field conditions have recently

uncovered a dual mechanism for determining the right

time for flowering initiation in response to temperature

changes. Sensing the absence of elevated temperature

oscillations is as important as the perception of prolonged

cold, for regulating FLC silencing and ultimately inducing

flowering initiation [55]. Therefore, future studies

focused on determining signal integration at the chroma-

tin level are essential to understand the molecular basis of

plant responses to a constantly changing natural

environment.

Genome-wide chromatin changes in response to cold

Pioneering work using genome-wide Hi-C technologies

in Arabidopsis have provided quantitative information on

chromosomal interactions and genome organization in

high resolution [56]. To address how temperature fluctua-

tions impact global chromatin structure in 3D, very ele-

gant Hi-C experiments were performed on rice that led to

two major discoveries: (a) unlike Arabidopsis, rice chro-

matin exhibits organization in TADs similar to animal

genomes, and (b) exposure to low temperature induces

weakening specifically of long-range chromatin interac-

tions leading to chromatin decondensation [57��]. Similar

studies on chromatin structure, histone and DNA mod-

ifications in crop species, such as maize, sorghum and

tomato, have also revealed that specific plant genomes are

organized into euchromatin/heterochromatin regions

resembling a feature conserved in metazoa [58]. Further-

more, plant genomes exhibit chromatin loop formation

near the TAD borders that correlate with active gene

expression, unlike mammalian loops [58]. Overall, plants

provide a great system to study species-specific features

in hierarchical genome organization in 3D. The use and

application of Hi-C technologies in plants is currently

flourishing and has already led to unexpected and exciting

discoveries that will undoubtedly contribute to our under-

standing of how plants respond to their environment at

the chromatin level.

108 Cell signalling and gene regulation

Current Opinion in Plant Biology 2018, 45:103–111 www.sciencedirect.com



Conclusions
Plants are exposed to a variety of environmental stimuli

that shape plant architecture at every level. Light and

temperature are two major parameters determining the

developmental fate and growth pattern of a plant by

regulating gene expression. Recent revolutionary studies

have clearly shown how changes in light and temperature

can induce localized changes in chromatin composition

and 3D structure, as well as regulating long-distance

genome topology and global nuclear architecture. The

molecular mechanism linking genome topology to tran-

scriptional activation or repression is currently being

uncovered in yeast, Drosophila and mammals by employ-

ing novel high throughput screening [14,59,60]. Although

there are significant studies correlating gene re-position-

ing with transcriptional activity in plants, we are still far

from understanding the underlying mechanism and the

key players driving such local and genome-wide changes

in nuclear architecture. Do plants contain specialized

protein hubs that orchestrate genome organization in

3D? Are there predefined sub-nuclear domains that act

as anchoring docks for proteins and coregulated loci? Are

there nuclear hubs where genes become silenced or

actively transcribed in response to dynamic changes in

light, temperature and nutrient availability? Is there a

tissue and cell specific nuclear organization signature and

how/when is it acquired? The discovery and application

of cutting-edge technologies in super-resolution imaging,

genome editing and chromatin conformation capture,

coupled to high-sensitivity next generation sequencing

and mass spectrometry, are leading the field of plant

nuclear architecture to a period of “enlightenment”

[16,18,19,26,61–63].

Acknowledgements

We apologize for not citing all the relevant primary research articles and
reviews due to space limitation. EK is grateful to the John Grieve Bequest
for supporting her Lectureship in Biochemistry, the BBSRC for the New
Investigator Grant Award BB/M023079/1 and the Wellcome Trust
Institutional Strategic Support Fund 105614/Z/14/Z for a Consolidator
Award. MLHD is funded by a PhD studentship award from the College of
Medical, Veterinary and Life Sciences at the University of Glasgow. We
thank Prof. John M. Christie for critically reading the manuscript and our
anonymous reviewers for their helpful comments and advice on improving
this review.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as

� of special interest
�� of outstanding interest

1. Kornberg RD: Chromatin structure: a repeating unit of histones
and DNA. Science 1974, 184:868-871.

2. Olins AL, Olins DE: Spheroid chromatin units (v bodies). Science
1974, 183:330-332.

3. Rodriguez-Granados NY, Ramirez-Prado JS, Veluchamy A,
Latrasse D, Raynaud C, Crespi M, Ariel F, Benhamed M: Put your
3D glasses on: plant chromatin is on show. J Exp Bot 2016,
67:3205-3221.

4. Deal RB, Henikoff S: Histone variants and modifications in plant
gene regulation. Curr Opin Plant Biol 2011, 14:116-122.

5. Allshire RC, Madhani HD: Ten principles of heterochromatin
formation and function. Nat Rev Mol Cell Biol 2018, 19:229-244.

6. Vergara Z, Gutierrez C: Emerging roles of chromatin in the
maintenance of genome organization and function in plants.
Genome Biol 2017, 18:96.

7. Asensi-Fabado MA, Amtmann A, Perrella G: Plant responses to
abiotic stress: the chromatin context of transcriptional
regulation. Biochim Biophys Acta 2017, 1860:106-122.

8. Mao YS, Zhang B, Spector DL: Biogenesis and function of
nuclear bodies. Trends Genet 2011, 27:295-306.

9. Van Buskirk EK, Decker PV, Chen M: Photobodies in light
signaling. Plant Physiol 2012, 158:52-60.

10. Perrella G, Kaiserli E: Light behind the curtain: photoregulation
of nuclear architecture and chromatin dynamics in plants. New
Phytol 2016.

11. Tessadori F, van Zanten M, Pavlova P, Clifton R, Pontvianne F,
Snoek LB, Millenaar FF, Schulkes RK, van Driel R, Voesenek LA
et al.: Phytochrome B and histone deacetylase 6 control light-
induced chromatin compaction in Arabidopsis thaliana. PLoS
Genet 2009, 5:e1000638.

12. Pecinka A, Dinh HQ, Baubec T, Rosa M, Lettner N, Mittelsten
Scheid O: Epigenetic regulation of repetitive elements is
attenuated by prolonged heat stress in Arabidopsis. Plant Cell
2010, 22:3118-3129.

13. Galganski L, Urbanek MO, Krzyzosiak WJ: Nuclear speckles:
molecular organization, biological function and role in
disease. Nucleic Acids Res 2017, 45:10350-10368.

14. Shachar S, Misteli T: Causes and consequences of nuclear
gene positioning. J Cell Sci 2017, 130:1501-1508.

15. Grob S, Cavalli G: Technical review: a Hitchhiker’s guide to
chromosome conformation capture. Methods Mol Biol 2018,
1675:233-246.

16. Baroux C, Schubert V: Technical review: microscopy and image
processing tools to analyze plant chromatin: practical
considerations. Methods Mol Biol 2018, 1675:537-589.

17. Dekker J, Mirny L: The 3D genome as moderator of
chromosomal communication. Cell 2016, 164:1110-1121.

18. Grob S, Grossniklaus U: Chromosome conformation capture-
based studies reveal novel features of plant nuclear
architecture. Curr Opin Plant Biol 2017, 36:149-157.

19. Bourbousse C, Benhamed M, Barneche F: Profiling
developmentally and environmentally controlled chromatin
reprogramming. Methods Mol Biol 2018, 1675:3-30.

20. Cremer T, Cremer M, Cremer C: The 4D nucleome: genome
compartmentalization in an evolutionary context. Biochemistry
(Mosc) 2018, 83:313-325.

21. Probst AV, Mittelsten Scheid O: Stress-induced structural
changes in plant chromatin. Curr Opin Plant Biol 2015, 27:8-16.

22. Dona M, Mittelsten Scheid O: DNA damage repair in the context
of plant chromatin. Plant Physiol 2015, 168:1206-1218.

23. Secco D, Whelan J, Rouached H, Lister R: Nutrient stress-
induced chromatin changes in plants. Curr Opin Plant Biol 2017,
39:1-7.

24. Neto J, da Silva MD, Pandolfi V, Crovella S, Benko-Iseppon AM,
Kido EA: Epigenetic signals on plant adaptation: a biotic stress
perspective. Curr Protein Pept Sci 2017, 18:352-367.

25. Lamke J, Baurle I: Epigenetic and chromatin-based
mechanisms in environmental stress adaptation and stress
memory in plants. Genome Biol 2017, 18:124.

26. Fabrice TN, Cherkezyan L, Ringli C, Baroux C: Transmission
electron microscopy imaging to analyze chromatin density
distribution at the nanoscale level. Methods Mol Biol 2018,
1675:633-651.

Environmental control of plant nuclear dynamics Kaiserli, Perrella and Davidson 109

www.sciencedirect.com Current Opinion in Plant Biology 2018, 45:103–111

http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0005
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0005
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0010
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0010
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0015
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0015
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0015
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0015
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0020
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0020
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0025
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0025
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0030
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0030
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0030
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0035
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0035
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0035
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0040
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0040
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0045
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0045
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0050
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0050
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0050
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0055
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0055
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0055
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0055
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0055
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0060
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0060
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0060
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0060
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0065
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0065
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0065
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0070
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0070
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0075
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0075
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0075
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0080
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0080
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0080
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0085
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0085
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0090
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0090
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0090
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0095
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0095
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0095
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0100
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0100
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0100
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0105
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0105
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0110
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0110
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0115
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0115
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0115
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0120
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0120
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0120
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0125
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0125
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0125
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0130
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0130
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0130
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0130


27. She W, Baroux C, Grossniklaus U: Cell-type specific chromatin
analysis in whole-mount plant tissues by immunostaining.
Methods Mol Biol 2018, 1675:443-454.

28. Groves NR, Biel AM, Newman-Griffis AH, Meier I: Dynamic
changes in plant nuclear organization in response to
environmental and developmental signals. Plant Physiol 2018,
176:230-241.

29. Mattout A, Cabianca DS, Gasser SM: Chromatin states and
nuclear organization in development — a view from the
nuclear lamina. Genome Biol 2015, 16:174.

30. van Steensel B, Belmont AS: Lamina-associated domains: links
with chromosome architecture, heterochromatin, and gene
repression. Cell 2017, 169:780-791.

31. Bi X, Cheng YJ, Hu B, Ma X, Wu R, Wang JW, Liu C: Nonrandom
domain organization of the Arabidopsis genome at the nuclear
periphery. Genome Res 2017, 27:1162-1173.

32. Fang Y, Spector DL: Centromere positioning and dynamics in
living Arabidopsis plants. Mol Biol Cell 2005, 16:5710-5718.

33. Pontvianne F, Carpentier MC, Durut N, Pavlistova V, Jaske K,
Schorova S, Parrinello H, Rohmer M, Pikaard CS, Fojtova M et al.:
Identification of nucleolus-associated chromatin domains
reveals a role for the nucleolus in 3D organization of the A.
thaliana Genome. Cell Rep 2016, 16:1574-1587.

34.
�

Poulet A, Duc C, Voisin M, Desset S, Tutois S, Vanrobays E,
Benoit M, Evans DE, Probst AV, Tatout C: The LINC complex
contributes to heterochromatin organisation and
transcriptional gene silencing in plants. J Cell Sci 2017,
130:590-601.

This study uses 3D imaging techniques to investigate the localization of
repressive chromocenters in Arabidopsis nuclei. Mutants affecting the
nuclear membrane protein bridge, LINC, have altered chromocenters
positioning.

35.
��

Feng CM, Qiu Y, Van Buskirk EK, Yang EJ, Chen M: Light-
regulated gene repositioning in Arabidopsis. Nat Commun
2014, 5:3027.

The first report demonstrating light-induced relocation of gene loci that
directly correlate with an increase in their transcript abundance in plants.
Cytogenetic studies clearly implicate the action of plant photoreceptors
and light signaling components in regulating gene repositioning.

36. Smith S, Galinha C, Desset S, Tolmie F, Evans D, Tatout C,
Graumann K: Marker gene tethering by nucleoporins affects
gene expression in plants. Nucleus 2015, 6:471-478.

37. Galvao VC, Fankhauser C: Sensing the light environment in
plants: photoreceptors and early signaling steps. Curr Opin
Neurobiol 2015, 34:46-53.

38. Casal JJ, Questa JI: Light and temperature cues: multitasking
receptors and transcriptional integrators. New Phytol 2018,
217:1029-1034.

39. Herrero E, Davis SJ: Time for a nuclear meeting: protein
trafficking and chromatin dynamics intersect in the plant
circadian system. Mol Plant 2012, 5:554-565.

40. Barneche F, Malapeira J, Mas P: The impact of chromatin
dynamics on plant light responses and circadian clock
function. J Exp Bot 2014, 65:2895-2913.

41. Li Y, Mukherjee I, Thum KE, Tanurdzic M, Katari MS, Obertello M,
Edwards MB, McCombie WR, Martienssen RA, Coruzzi GM: The
histone methyltransferase SDG8 mediates the epigenetic
modification of light and carbon responsive genes in plants.
Genome Biol 2015, 16:79.

42. Bourbousse C, Ahmed I, Roudier F, Zabulon G, Blondet E,
Balzergue S, Colot V, Bowler C, Barneche F: Histone H2B
monoubiquitination facilitates the rapid modulation of gene
expression during Arabidopsis photomorphogenesis. PLoS
Genet 2012, 8:e1002825.

43. Henry KW, Wyce A, Lo WS, Duggan LJ, Emre NC, Kao CF, Pillus L,
Shilatifard A, Osley MA, Berger SL: Transcriptional activation via
sequential histone H2B ubiquitylation and deubiquitylation,
mediated by SAGA-associated Ubp8. Genes Dev 2003,
17:2648-2663.

44.
��

Bourbousse C, Mestiri I, Zabulon G, Bourge M, Formiggini F,
Koini MA, Brown SC, Fransz P, Bowler C, Barneche F: Light
signaling controls nuclear architecture reorganization during
seedling establishment. Proc Natl Acad Sci U S A 2015, 112:
E2836-2844.

This paper reveals that light controls nuclear size as well as chromatin
accessibility and organization during different stages of light-grown
development through the action of plant photoreceptors and light signal-
ing components.

45.
�

Snoek BL, Pavlova P, Tessadori F, Peeters AJM, Bourbousse C,
Barneche F, de Jong H, Fransz PF, van Zanten M: Genetic
dissection of morphometric traits reveals that phytochrome b
affects nucleus size and heterochromatin organization in
Arabidopsis thaliana. G3 (Bethesda) 2017, 7:2519-2531.

This paper utilises the genetic diversity within Arabidopsis accessions to
study chromatin compaction. They identify a major role for the light and
temperature receptor phyB in regulating nuclear size and chromatin
organization.

46. van Zanten M, Tessadori F, Peeters AJ, Fransz P: Shedding light
on large-scale chromatin reorganization in Arabidopsis
thaliana. Mol Plant 2012, 5:583-590.

47. Wang LC, Wu JR, Hsu YJ, Wu SJ: Arabidopsis HIT4, a regulator
involved in heat-triggered reorganization of chromatin and
release of transcriptional gene silencing, relocates from
chromocenters to the nucleolus in response to heat stress.
New Phytol 2015, 205:544-554.

48. Quint M, Delker C, Franklin KA, Wigge PA, Halliday KJ, van
Zanten M: Molecular and genetic control of plant
thermomorphogenesis. Nat Plants 2016, 2:15190.

49. Perrella G, Davidson MLH, O’Donnell L, Nastase AM, Herzyk P,
Breton G, Pruneda-Paz JL, Kay SA, Chory J, Kaiserli E: ZINC-
FINGER interactions mediate transcriptional regulation of
hypocotyl growth in Arabidopsis. Proc Natl Acad Sci U S A 2018.

50. Cortijo S, Charoensawan V, Brestovitsky A, Buning R, Ravarani C,
Rhodes D, van Noort J, Jaeger KE, Wigge PA: Transcriptional
regulation of the ambient temperature response by H2A.Z
nucleosomes and HSF1 transcription factors in Arabidopsis.
Mol Plant 2017, 10:1258-1273.

51.
�

Zha P, Jing Y, Xu G, Lin R: PICKLE chromatin-remodeling factor
controls thermosensory hypocotyl growth of Arabidopsis.
Plant Cell Environ 2017, 40:2426-2436.

This study shows that the chromatin remodelling factor PKL, previously
shown to be a regulator of photomorphogenesis, is also involved in the
response to clock-regulated high temperatures through the action of the
circadian clock component CCA1.

52. Kato M, McKnight SL: Cross-beta polymerization of low
complexity sequence domains. Cold Spring Harb Perspect Biol
2017, 9.

53. Whittaker C, Dean C: The FLC locus: a platform for discoveries
in epigenetics and adaptation. Annu Rev Cell Dev Biol 2017,
33:555-575.

54.
��

Rosa S, De Lucia F, Mylne JS, Zhu D, Ohmido N, Pendle A, Kato N,
Shaw P, Dean C: Physical clustering of FLC alleles during
polycomb-mediated epigenetic silencing in vernalization.
Genes Dev 2013, 27:1845-1850.

In this study, the authors use live cell imaging to monitor the nuclear
distribution and organization of theFLC locus in planta. Exposure of plants
to cold temperatures showed FLC alleles clustering in root tip cells. Cold-
induced FLC clustering requires the action of members of the PRC2,
VRN2 and VRN5, which are also responsible for cold-induced FLC
epigenetic silencing.

55. Hepworth J, Antoniou-Kourounioti RL, Bloomer RH, Selga C,
Berggren K, Cox D, Collier Harris BR, Irwin JA, Holm S, Sall T et al.:
Absence of warmth permits epigenetic memory of winter in
Arabidopsis. Nat Commun 2018, 9:639.

56. Grob S, Grossniklaus U: Chromatin conformation capture-
based analysis of nuclear architecture. Methods Mol Biol 2017,
1456:15-32.

57.
��

Liu C, Cheng YJ, Wang JW, Weigel D: Prominent topologically
associated domains differentiate global chromatin packing in
rice from Arabidopsis. Nat Plants 2017, 3:742-748.

110 Cell signalling and gene regulation

Current Opinion in Plant Biology 2018, 45:103–111 www.sciencedirect.com

http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0135
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0135
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0135
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0140
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0140
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0140
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0140
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0145
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0145
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0145
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0150
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0150
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0150
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0155
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0155
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0155
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0160
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0160
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0165
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0165
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0165
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0165
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0165
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0170
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0170
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0170
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0170
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0170
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0175
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0175
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0175
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0180
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0180
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0180
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0185
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0185
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0185
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0190
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0190
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0190
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0195
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0195
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0195
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0200
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0200
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0200
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0205
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0205
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0205
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0205
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0205
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0210
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0210
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0210
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0210
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0210
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0215
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0215
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0215
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0215
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0215
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0220
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0220
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0220
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0220
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0220
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0225
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0225
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0225
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0225
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0225
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0230
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0230
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0230
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0235
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0235
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0235
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0235
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0235
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0240
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0240
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0240
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0245
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0245
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0245
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0245
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0250
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0250
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0250
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0250
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0250
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0255
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0255
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0255
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0260
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0260
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0260
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0265
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0265
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0265
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0270
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0270
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0270
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0270
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0275
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0275
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0275
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0275
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0280
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0280
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0280
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0285
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0285
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0285


The authors perform the first genome-wide chromatin conformation
capture experiments on a crop species and demonstrate differences
in nuclear organization between Arabidopsis and rice with small and large
genomes, respectively. Unlike Arabidopsis, the rice genome is organized
in topologically associating domains (TADs). Rice TAD boundaries are
enriched in euchromatin and correlate with active gene expression. In
addition, the authors show that cold triggers local events of chromosome
decondensation without leading to major changes in nuclear architecture.

58. Dong P, Tu X, Chu PY, Lu P, Zhu N, Grierson D, Du B, Li P,
Zhong S: 3D chromatin architecture of large plant genomes
determined by local A/B compartments. Mol Plant 2017,
10:1497-1509.

59. Shachar S, Pegoraro G, Misteli T: HIPMap: a high-throughput
imaging method for mapping spatial gene positions. Cold
Spring Harb Symp Quant Biol 2015, 80:73-81.

60. Shachar S, Voss TC, Pegoraro G, Sciascia N, Misteli T:
Identification of gene positioning factors using high-
throughput imaging mapping. Cell 2015, 162:911-923.

61. Dreissig S, Schiml S, Schindele P, Weiss O, Rutten T, Schubert V,
Gladilin E, Mette MF, Puchta H, Houben A: Live-cell CRISPR
imaging in plants reveals dynamic telomere movements. Plant
J 2017, 91:565-573.

62. Niederhuth CE, Schmitz RJ: Putting DNA methylation in context:
from genomes to gene expression in plants. Biochim Biophys
Acta 2016.

63. Komis G, Novak D, Ovecka M, Samajova O, Samaj J: Advances in
imaging plant cell dynamics. Plant Physiol 2018, 176:80-93.

64. Gendreau E, Hofte H, Grandjean O, Brown S, Traas J:
Phytochrome controls the number of endoreduplication
cycles in the Arabidopsis thaliana hypocotyl. Plant J 1998,
13:221-230.

65. Lopez-Juez E, Jarvis RP, Takeuchi A, Page AM, Chory J: New
Arabidopsis cue mutants suggest a close connection between
plastid- and phytochrome regulation of nuclear gene
expression. Plant Physiol 1998, 118:803-815.

Environmental control of plant nuclear dynamics Kaiserli, Perrella and Davidson 111

www.sciencedirect.com Current Opinion in Plant Biology 2018, 45:103–111

http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0290
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0290
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0290
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0290
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0295
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0295
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0295
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0300
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0300
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0300
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0305
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0305
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0305
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0305
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0310
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0310
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0310
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0315
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0315
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0320
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0320
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0320
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0320
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0325
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0325
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0325
http://refhub.elsevier.com/S1369-5266(17)30228-5/sbref0325

	Light and temperature shape nuclear architecture and gene expression
	Introduction
	Novel discoveries light up plant nuclear architecture
	Light triggers dynamic changes in the plant nucleus
	Histone modifications underlying light regulation of gene expression
	Light induces changes in genome topology
	Nuclear reorganization in response to blue and red light

	Temperature fluctuations impact local nuclear organization
	Chromatin remodelling in response to elevated temperature
	Cold-induced changes in chromatin conformation
	Genome-wide chromatin changes in response to cold

	Conclusions
	References and recommended reading
	Acknowledgements


