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Chromatin immunoprecipitation — new approach 
for revealing histone modifi cations in plants 
under heavy metal stress — theoretical review 
on advantages, drawbacks and questions
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Heavy metal contamination is a major environmental problem. A coordinated network of molecular processes participates in 
plant response to heavy metals. Th e metal-dependent gene expression is regulated on multiple levels and may include chromatin 
modifi cations. One of the methods which allows to understand the role of histone post-translational modifi cations in plant cell 
response to heavy metals may be chromatin immunoprecipitation.

Keywords and phrases: chromatin dynamics, heavy metal stress, eco-physiology, ChIP, immunoprecipitation, histone 
modifi cations, epigenetic.

Introduction
Since epigenetic mechanisms such as DNA methylation, 
histone modifi cations, histone variants and smRNAs 
have been found as machinery that controls gene 
expression, scientists are trying to gain full knowledge 
concerning the participation of those processes in 
regulation of cell metabolism [1].

Plants are exposed to various abiotic and biotic stress 
factors. Plants in contrast to animal, cannot just run 
away from unfavorable conditions. Th eir ability to 
survive is represented by three ways of dealing with 
stresses: avoidance, tolerance and resistance [2]. All those 
strategies involve numerous changes within cells and 
organism as a whole.

Heavy metals impact on plant organisms has been 
studied for a long time and with great attention. Mostly 
because they are very hazardous for humans — some 
metals are mutagens and carcinogens. Th e amount of 
them is still increasing in soil and they may be 
accumulated in living organisms, including humans and 
cause many diseases including cancer [3, 4].

In general plant response to stress factors can be 
divided into two stages. First — when stress factors act 
on primary sensors that trigger signal transduction via 
calcium ions, nitric oxide and reactive oxygen species, 
protein phosphorylation [5, 6] and up-regulate early 
stress-induced genes that are transcription factors (TFs), 
and second when TFs regulate late stress-induced genes 

that are responsible for shaping new plant features that 
help to tolerant, resist or to avoid stress factors. Epigenetic 
mechanisms may play a crucial role in both short and 
long-term adaptation [7, 8].

Knowledge on epigenetic changes caused by metal 
accumulation and involved in their detoxifi cation in 
plants is necessary to improve environment bio-
monitoring and phytoremediation. Hyperaccumulating 
plant species like cadmium hyperaccumulators Th alspi 
caerulescens ecotype Ganges, Arabidopsis halleri or Brassica 
juncea are insuffi  cient for such approaches [9–11].

Th e available information on epigenome is limited to 
very few plants. Among all epigenetic modifi cations 
DNA methylation is the most examined. Prevailing data 
concern two model plant species (Arabidopsis thaliana 
and Nicotiana tabacum) and selected stress factors 
(drought, cold and high temperature) [12–14].

Histone post-translational modifi cations 
& histone code
Changes in plant epigenome induced by heavy metals 
are the terra incognita in the knowledge about how 
metabolic and structural adaptations are introduced. 
Histones are small alkaline proteins divided into fi ve 
types: H1, H2A, H2B, H3, and H4. DNA is wrapped 
around octameric histones core (made of H2A, H2B, 
H3 and H4). Th is structure is called nucleosome. H1 
plays a role of linker and stabilizes nucleosome structure. 
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Histones are conserved across evolution but isotypes can 
be found in diff erent organisms. Two domains in histone 
core are distinguished: fi rst one is a globular domain 
involved in histone interactions and second one is 
a domain containing N-terminal tails of particular 
histones. N-terminal tails are fl exible and are subject of 
many post-translational modifi cations like: acetylation, 
methylation, phosphorylation, ubiquitination, ribosyla-
tion, glycosylation and sumoylation [1, 15]. Beside 
modifi cations of N-tails, histones occur in variants that 
could be promoted by specifi c environmental conditions. 
Histone variants and post-translational modifi cations of 
histone is called the histone code and is considered to be 
an important process in regulation of gene expression.

Histone post-translational modifi cations 
& histone code
Th ere is no data on heavy metal induced histone changes, 
however there is no doubt about this interdependence. 
It is known that some stress factor-induced gene 
expression is associated with post-translational modi-
fi cations of histones: drought induced genes expression 
is associated with increase in H3 Lys-4 trimethylation 
and H3 Lys-9 acetylation, salinity, ABA and cold stress 
induced H3 Ser-10 phosphorylation, H3 phospho-
acetylation and H4 acetylation in Arabidopsis [7, 8]. It is 
widely known that some modifi cations of histones 
promote formation of either euchromatin or hetero-
chromatin — two states which diff er in the level of 
condensation — euchromatin is less-condensed (more 
available for enzymes and proteins involved in genes 
expression) and heterochromatin is more-condensed (less 
available for expression machinery). Euchromatin region 
are rich with hyperacetylated histones H3, H4 and 
methylated H3 in Lys-4 position. Heterochromatin state 
requires underacetylation of H3 and H4, methylation of 
Lys-9 and demethylation of Lys-4 residues in H3 [1, 2]. 
Th is knowledge gives scientists “anchor point” in this 
diffi  cult subject which is epigenetic changes under heavy 
metal stress.

Next step is to consider regions of the DNA that are 
activated or repressed under heavy metal stress. Th e 
interesting questions which occurs is: how post-
translational modifi cations of histone cooperate with 
other mechanisms in activation or repression of genes 
involved in heavy-metal response such as: 
 • ROS scavengers — dynamics of chromatin region 

encoding SOD, POX other enzymes and substrates 
for non-enzymatic scavengers;

 • signal transduction pathways — interdependence 
between signal molecules bursts and changes in 
histones modifi cations associated with particular 
parts of the DNA;

 • correlation between time-changing pattern of plant cell 
response to heavy-metal and chromatin dynamics.

Chromatin immunoprecipitation — ChIP
Th is method is widely used to examine histone 
modifi cations in animals (including humans) and plants 
but, not under heavy metal stress. Th e whole method is 
based on simple immunocyto-chemical reaction between 
molecule of interest (specifi cally modifi ed histone) and 
respective antibody. Th is procedure consists of six main 
steps: cross-linking of histones and DNA, isolation of 
chromatin, DNA shearing, immunoprecipitation, 
releasing of co-precipitated DNA fragments and 
identifi cation of given DNA fragments [16, 17].

Chromatin isolation and shearing

Before adding an antibody, chromatin structure has to 
be fi xed — there are known two ways of cross-linking, 
both of them are taken in vivo. First, more popular one 
uses formaldehyde and three diff erent buff ers to cross-
link DNA and histone and than to isolate chromatin 
[16]. Second one is more effi  cient and cheaper — it uses 
one buff er for whole step. Cross-linking is performed by 
using the mixture of formaldehyde, sucrose, Tris-HCl 
and EDTA. Two additional compounds (sucrose and 
EDTA) change osmotic pressure and facilitate cell 
penetration by formaldehyde [17]. After chromatin is 
fi xed it has to be isolate from cell — plant cell. Th e plant 
cell in opposite to animal has rigid wall and vacuoles 
which make this step more diffi  cult to perform — using 
of fresh and unfrozen material is recommended.

Isolated chromatin is next sheared by sonication 
(X-ChIP) or digested by enzymes (N-ChIP) — this step 
is important because resolution of ChIP dependents on 
size of used chromatin fragments. Sonication has its 
advantages — places recognized by nucleases can be 
misted over. On the other hand Mnase (micrococcal 
nuclease) treatment removes linker DNA more effi  ciently 
which makes mapping of given fragment more precisely 
[18]. Fragments should be 200–1000 bp — it is very 
important to match appropriate condition of sonication 
(power, pulses frequency, presence of SDS, temperature). 
Th e effi  ciency of fragmentation should be estimated 
using gel electrophoresis. 

Immunoprecipitation

It is crucial for whole procedure to choose the most 
specifi c antibody for particular histone modifi cation 
(such as acetylation or methylation of specifi c residues 
of histone H3 and H4). Th ere are two main types of 
antibodies (Ab): polyclonal — several epitopes of target 
molecule recognized (increased signal level) and 
monoclonal — greater homogeneity (more specifi c than 
polyclonal). Main disadvantage of polyclonal Ab for 
multiple modifi cations is preference for one of the 
recognized epitopes — but in case of monoclonal Ab 
there is a problem of one of recognized epitopes — 
which could be distorted by cross-linking [19]. Ab useable 
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for other immumo-cytochemial methods does not have 
to be appropriate for ChIP. Th e best choice are ChIP 
checked or ChIP designed Ab (Invitrogen, Abcam, 
Millipore, Agrisera) which is a great problem especially 
in case of plant material of non model species. Next very 
important issue is the Ab: chromatin ratio. Th ere is 
a correlation between chromatin input and amount of 
Ab — appropriate ratio is diff erent for diff erent Ab and 
this parameter is important for effi  cient Ab-histones 
complex formation.

To provide reliability it is necessary to design good 
controls for immunoprecipitation. Respective controls 
should be used with all primer sets during PCR 
amplifi cation. No antibody (NoAb) control uses non-
specifi c control serum (for example rabbit serum, Sigma 
#R9133), it helps to estimate background signal made 
by chromatin isolation and ChIP procedure itself. 
Moreover NoAb control is necessary in estimating signal 
to noise ratio. Second control called input sample (IP), 
uses chromatin isolated early during the whole procedure 
and serves as a positive control for the presence of 
chromatin [16, 18].

After incubation with Ab the DNA-histone complexes 
have to be separate from the unbounded DNA. Th e 
most popular ways are magnetic beads and protein 
A agarose beads. Th ese methods are based on interaction 
between protein and Fc region of antibody. Such 
complexes are trapped in tube on agarose or by magnetic 
interaction. Th en rest of the DNA is washed out.

Reverse cross-linking and identifi cation of DNA 
derived from complexes

When desired material is precipitated it is necessary to 
isolate and purify DNA from complexes. Th ere are two 
ways of preparing DNA for identifi cation. Th e fi rst is 
using commercial purifi cation spin column — this is the 
more expensive one. Th e second one is using NaCl to 
reverse cross-linking and proteinase K to digest protein. 
Th en DNA is purifi ed using standard procedure (phenol, 
chloroform, isoamyl alcohol) Th is method is the cheaper 
one, however phenol-chloroform purifi cation can be less 
effi  cient in removing detergents present in elution 
buff er.

Next step is to identify the DNA fragment by: 
microarray (ChIP-on-chip), next generation sequencing 
(ChIP-seq), slot blotting or PCR. ChIP-on-chip and 
ChIP-seq methods are used when studying genome wide 
distribution of histones modifi cations and the most 
popular way of identifying particular genes is PCR. 

Th e most commonly used method of identifying 
genes in ChIP is conventional PCR, but it seems that 
real-time quantitative PCR (QPCR) is better for this 
application. Quantifi cation of DNA amount in QPCR 
is based on every-cycle measurement in contrast to 
densitometric method at the end of conventional PCR 
reaction [17, 20]. Amount of the DNA fragment can be 

measured using two diff erent approaches: DNA-dye and 
probe-based product detection. Th e fi rst one uses 
fl uorescent dye like SYBRgreen which attaches to dsDNA 
fragment and the fl uorescence level is proportional to the 
DNA amount, the second approach employes fl uorescent 
tagged oligonucleotide. SYBRgreen binds to dsDNA 
non-specifi cally so this method requires optimal PCR 
conditions to avoid signal from structure like primer-
dimer and non-target DNA. Probe-based approach uses 
one or more specifi c oligonucleotide and one or more 
fl uorescent dyes avoiding non-specifi c signal. 

Although QPCR has many advantages, method itself 
needs series of controls and suitable primers set to ensure 
reliability of results. To design good primers set extensive 
knowledge on sequences of interest is required as diff erent 
histone modifi cation are associated with diff erent 
elements of DNA sequence (promoter, regulatory 
sequence, coding region) — the best way is to design 
primers within one functional fragment of sequence. 
Controls like QPCR calibration line (needed to quantify 
ChIP signal), melting curve (in case of DNA-dye 
approach), no-template control (master mix contami-
nation and primer artifacts) should be worked out for 
every primers set used. Beside controls for QPCR it is 
recommended to design controls for active (ChIP 
positive) and repressed chromatin (ChIP negative) 
fragment (in case of non-enrichment of specifi c 
modifi cations in region of interest). Good candidates for 
positive control are housekeeping genes and transposon 
for negative control. It is crucial to check and to adapt 
those controls for every species used [16–18].

Data normalization

Th e last but not least important step in this procedure is 
data normalization. ChIP procedure (especially combined 
with QPCR) infl uences fi nal results in many aspects. 
Before interpretation all variations made by particular 
steps should be considered. Variety of controls (input 
sample, no Ab, QPCR calibration line, QPCR melting 
curve, no template PCR, ChIP positive, ChIP negative) 
ensure reliability, but in most cases is a reason of confusion. 
Although normalization procedures are designed to make 
the result more reliable in practice the whole procedure 
may be not perfect so defects and oversights summed up 
make ChIP very laborious and time-consuming procedure. 
Another problem in case of plant material is the lack of 
databases on epigenetic changes under diff erent stress 
factors, which would improve and make the whole 
comparing procedure faster [16, 18].

Conclusions and perspectives
Th ere is no doubt that ChIP method enables eco-
physiologists to better understand the regulation of 
processes that rule plant metabolism under heavy metal 
stress. However there are some limitations which make 
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this method diffi  cult to perform by an average eco-
physiological laboratory. Development and optimization 
of ChIP for non-model species entailed other 
complications which are connected with availability of 
species-specifi c antibodies, optimization of controls, 
immunoprecipitation and PCR conditions. ChIP com-
bin ed with QPCR is helpful in exploring epigenetic 
modifi cations of specifi c regions, but the next step that 
is inescapable in revealing secrets of epigenetic control is 
ChIP-seq. ChIP-seq employs next generation sequencing 
technology (Solexa®, pyrosequencing, SMRT™, tSMS™) 
to makes whole procedure simpler. Identifi cation by 
sequencing is much more reliable than by PCR, results 
do not suff er from hybridization noise (ChIP-on-chip). 
Additionally ChIP-seq approach needs lower amount of 
precipitated DNA. In case of ChIP-seq it is nanograms 
quantity as compared to few micrograms required for 
ChIP-on-chip. Beside modifi cations connected with 
method optimization for appropriate result interpretation 
and analysis there is a need to develop databases. All 
those procedures are very expensive, especially those 
which employ next generation sequencing (costs of 
reagents, software and sequencers). As long as this backup 
and procedures for antibody preparations became cheaper 
ChIP will not be used widely [14, 18].
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