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Gene regulatory mechanisms are often defined in studies performed in the labo-
ratory but are seldom validated for natural habitat conditions, i.e., in natura. Ver-
nalization, the promotion of flowering by winter cold, is a prominent naturally 
occurring phenomenon, so far best characterized using artificial warm and cold 
treatments. The floral inhibitor FLOWERING LOCUS C (FLC) gene of Arabidopsis 
thaliana has been identified as the central regulator of vernalization. FLC shows 
an idiosyncratic pattern of histone modification at different stages of cold exposure, 
believed to regulate transcriptional responses of FLC. Chromatin modifications, 
including H3K4me3 and H3K27me3, are routinely quantified using chromatin 
immunoprecipitation (ChIP), standardized for laboratory samples. In this report, 
we modified a ChIP protocol to make it suitable for analysis of field samples. We 
first validated candidate normalization control genes at two stages of cold exposure 
in the laboratory and two seasons in the field, also taking into account nucleosome 
density. We further describe experimental conditions for performing sampling 
and sample preservation in the field and demonstrate that these conditions give 
robust results, comparable with those from laboratory samples. The ChIP protocol 
incorporating these modifications, “Field ChIP”, was used to initiate in natura chro-
matin analysis of AhgFLC, an FLC orthologue in A. halleri, of which a natural pop-
ulation is already under investigation. Here, we report results on levels of 
H3K4me3 and H3K27me3 at three representative regions of AhgFLC in controlled 
cold and field samples, before and during cold exposure. We directly compared the 
results in the field with those from laboratory samples. These data revealed 
largely similar trends in histone modification dynamics between laboratory and 
field samples at AhgFLC, but also identified some possible differences. The Field 
ChIP method described here will facilitate comprehensive chromatin analysis of 
AhgFLC in the future to contribute to our understanding of gene regulation in fluc-
tuating natural environments.

Key words: Arabidopsis halleri, chromatin immunoprecipitation, FLOWERING 
LOCUS C, histone modification, natural plant population

INTRODUCTION

Natural environments generate complex, often noisy, 

signals; yet living organisms, especially sessile organ-
isms, including plants, are endowed with systems capable 
of decoding noisy signals to ensure their survival. Molec-
ular approaches to understanding such response systems 
generally address the effect of a single type of signal at a 
time on gene expression, and have been mainly labora-
tory-based. However, studies in natural habitats, in 
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natura, are crucial for validating gene regulatory mecha-
nisms defined under laboratory conditions and are, fur-
thermore, important for addressing novel questions that 
are specific to natural conditions (Kudoh and Nagano, 
2013; Kudoh, 2015). For example, how does the gene 
regulatory system behave robustly under natural condi-
tions, and how are useful environmental cues extracted 
from noisy signals?

One of the best-known, naturally occurring environ-
mental responses in plants is vernalization, the promo-
tion of flowering by prolonged cold of winter. A 
comprehensive in natura gene expression profile of the 
central gene of this process, FLOWERING LOCUS C 
(FLC), was reported for a two-year complete seasonal 
cycle of Arabidopsis halleri subsp. gemmifera (A. halleri, 
hereafter) (Aikawa et al., 2010). Those quantitative 
gene expression data demonstrated that A. halleri FLC 
(AhgFLC) expression follows the seasonal trend of the 
temperature. Modelling of the gene expression data ver-
sus environmental temperature led to the conclusion that 
the seasonal gene expression was controlled by tempera-
tures in the preceding six weeks, which in turn led the 
authors to postulate the existence of a long-term memory 
mechanism that functions to filter out short-term noise 
(Aikawa et al., 2010). While the basis of this mechanism 
remained largely unknown, a wealth of molecular data 
available from laboratory studies of Arabidopsis thaliana
shows that A. thaliana FLC is regulated by a universal 
cellular memory machinery based on two major protein 
complexes with antagonistic activities: Trithorax complex 
catalyses the trimethylation of lysine 4 of histone H3 tails 
(H3K4me3), which is involved in maintenance of active 
gene transcription, while Polycomb complex catalyses the 
trimethylation of lysine 27 of histone H3 tails 
(H3K27me3), which is involved in maintenance of 
repressed gene activity (Buzas et al., 2012; Song et al., 
2012).

Both H3K4me3 and H3K27me3 have been reported to 
change dynamically at the FLC locus during different 
stages of vernalization in the annual A. thaliana (Sung 
and Amasino, 2004; Finnegan and Dennis, 2007; Yang et 
al., 2014). Before cold exposure, the FLC transcription 
start site (TSS) is marked with H3K4me3 and the gene is 
actively transcribed to repress flowering (Pien et al., 
2008; Tamada et al., 2009). During cold exposure, 
H3K27me3 accumulates increasingly at the TSS in a 
manner dependent on the extent of the cold exposure, and 
this process is associated with the quantitative degree of 
silencing of FLC (Sung et al., 2006; Finnegan and Dennis, 
2007; Angel et al., 2011). After plants are returned to 
warm conditions, H3K27me3 accumulates across the 
entire FLC gene body, and the silencing is maintained 
(Finnegan and Dennis, 2007; Angel et al., 2011) until the 
end of the life cycle. In plants with a perennial life cycle, 
FLC silencing occurs transiently during flowering, and 

FLC is up-regulated again to repress flowering during 
successive vegetative growth (Wang et al., 2009; Aikawa 
et al., 2010). A laboratory study of the perennial Arabis 
alpina showed that H3K27me3 is deposited at the A. 
alpina FLC locus when the gene is repressed, and is 
removed when the gene is activated (Wang et al., 2009).
However, exactly how such dynamics of H3K4me3 and 
H3K27me3 control memory is still unknown. Neverthe-
less, because chromatin-driven gene expression control is 
generally considered to be the main candidate mechanism 
for long-term memory underlying seasonal expression of 
AhgFLC, it is important to obtain in natura profiles of 
H3K4me3 and H3K27me3 at AhgFLC.

The main aim of this study was to modify a standard 
chromatin immunoprecipitation (ChIP) protocol, normally 
used with laboratory samples, to make it suitable for 
analysis of histone modifications of field samples, and 
then to quantify the in natura patterns of histone modi-
fications at AhgFLC. ChIP includes a number of steps, 
all performed in the laboratory (Orlando, 2000; Haring et 
al., 2007; Collas, 2010). To keep the histones in contact 
with the DNA throughout the ChIP procedure, the labo-
ratory tissues are first infiltrated with a cross-linking 
agent (e.g., formaldehyde) for a short time, and then 
immediately frozen in liquid N2. After chromatin is thus 
cross-linked, it is fragmented (e.g., mechanically by soni-
cation) and incubated with antibodies against specific his-
tone modifications. Chromatin fragments bound to the 
antibodies are collected using protein A/G beads. Finally, 
DNA is eluted from the beads and extracted after the 
cross-linking is reversed.

In the field, because plants are often widely scattered, 
sampling may take a long time. Moreover, transport of 
liquid N2 to the field may be a serious traffic hazard. We 
therefore modified the initial steps of ChIP so as to per-
form them in the field, rather than in the laboratory. In 
this manuscript, we refer to this modified ChIP procedure 
as “Field ChIP”. The flow chart of Field ChIP is high-
lighted in Fig. 1A, and a hands-on protocol is provided in 
Supplementary Text S1. We monitored the behaviour of 
putative internal control genes for each of H3K4me3 and 
H3K27me3 to validate them as appropriate normalization 
controls. The validation was performed under two con-
ditions each for the laboratory-controlled cold (non-
vernalized and vernalized) and for the field (autumn and 
winter). To control for possible variations in the density 
of nucleosomes under these conditions, we performed his-
tone H3 ChIP along with the ChIPs for histone lysine 
methylations. Using the Field ChIP method, here we 
report initial field data on changes of H3K4me3 and 
H3K27me3 at AhgFLC between autumn and winter in a 
natural population of A. halleri in Hyogo prefecture, 
Japan, and compare these results with those of vernaliza-
tion experiments in the laboratory.
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MATERIALS AND METHODS

Plant materials and growth conditions Plant mate-
rials used in this study were collected from a natural 
population of A. halleri at Omoidegawa river, Naka-ku, 
Taka-cho, Hyogo prefecture (35°06′ N, 134°55′ E, altitude 
190−230 m). For controlled cold experiments, six natu-
rally growing A. halleri plants were transferred from the 
field to the laboratory on October 8, 2013, a time when 
AhgFLC is highly expressed (Aikawa et al., 2010), trans-
planted into pots and grown on outdoor pot shelves at the 
Center for Ecological Research, Kyoto University (34°58′
N, 135°57′ E, altitude 152 m). Fully expanded young 
leaves were harvested from three of these plants after a 
4-day period of growth adjustment in the outdoor pots 
(non-vernalized, NV) and the remaining three plants 
were kept at constant cold, 4 °C, for six weeks prior to the 
second sampling (vernalized, V) (Fig. 1C). For both NV 
and V samples, two sets of three leaves (0.1 g per leaf ×
3 leaves × 2 sets) were harvested from each plant, and 
used for comparisons in other examinations. Field sam-
ples were collected in two seasons: in autumn (November 
6, 2012), when AhgFLC is actively expressed, and in win-
ter (February 19, 2013), when AhgFLC is repressed 
(Aikawa et al., 2010, Fig. 1D). For each sampling date, 
we randomly selected forty plants, and harvested one 
fully expanded young leaf from each plant (0.1 g per 
plant). We pooled ten leaves for each ChIP sample (1 g 

per replicate) and obtained four biological replicates per 
collection date. We analysed leaf samples because they 
are the most accessible tissues of plants year-round in the 
field, and because leaf samples were analysed in a related 
previous study (Aikawa et al., 2010).

Formaldehyde cross-linking Harvested leaves were 
cut in half and soaked in 1% formaldehyde in PBS 
buffer. Vacuum infiltration was conducted twice, for 
5 min each, at ambient temperature (laboratory or field).
To quench the cross-linking reaction, glycine was added 
to a final concentration of 125 mM and vacuum infiltra-
tion was conducted for an additional 5 min. Cross-linked 
samples were washed with PBS, and then either kept in 
PBS on ice for 7 h before freezing (for sample preserva-
tion) or immediately frozen in liquid N2, before storage at 
−80 °C until chromatin extraction.

Chromatin immunoprecipitation ChIP experiments 
were conducted following the protocol of Gendrel et al. 
(2005) with some modifications. Extracted chromatin 
was sonicated eight times for 15 s each using a Q700 Son-
icator (Qsonica, Newtown, CT, USA) at 10% power output 
and samples were placed on ice for at least 1 min between 
each sonication; the total time of incubation on ice ranged 
from 20 to 30 min. Samples were centrifuged at 4 °C for 
5 min at 12,000 g and the supernatant was diluted in 
ChIP dilution buffer (3.0 ml of buffer per 1 g sample).

Fig. 1. Outline of Field ChIP and the temperature regimes of the vernalization experiments. (A) A 
flow chart of Field ChIP. The first three steps are performed in the field. (B) A photograph showing 
formaldehyde cross-linking of leaf samples in the field, indicating the portable instruments used in this 
study (red arrows). (C) Temperature regime of the vernalization experiment. The x-axis represents 
days before or after transfer to cold (0 d is the day of transfer: October 12, 2013). Temperatures from 
−40 to 0 d represent field temperatures before transplantation. Non-vernalized (NV) and vernalized 
(V) laboratory samples were obtained at the time points indicated by triangles above the graph. (D) 
Temperature regime in the field. Autumn (November 6, 2012) and winter (February 19, 2013) field 
samples were obtained at the time points indicated by triangles above the graph. In (C) and (D), 
changes in daily mean temperature are plotted.
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This chromatin lysate was then incubated with Dyna-
beads Protein G (Novex, Waltham, MA, USA) at 4 °C for 
1 h with rotation for pre-clearing. Pre-cleared chromatin 
was then incubated with antibody for 5 h. Antibody dilu-
tions were as follows: 1:500 for anti-trimethyl-histone H3 
(Lys4) (#07-473, Millipore, Billerica, MA, USA) and anti-
trimethyl-histone H3 (Lys27) (#07-449, Millipore) and 
1:1000 for anti-histone H3 (#ab1791, Abcam, Cambridge, 
UK). Immunoprecipitated complexes were collected with 
Dynabeads Protein G by incubation for 2 h, and the beads 
were then washed sequentially with low salt buffer, high 
salt buffer, LiCl buffer and TE buffer. Immunoprecipitated 
chromatin was eluted with elution buffer, and cross-linking 
was reversed by heating at 65 °C for 12 h and proteinase K 
treatment at 45 °C for 1 h. After phenol/chloroform 
extraction, DNA was ethanol-precipitated, and resus-
pended in 50 μl of TE buffer. The buffer compositions 
are described in Gendrel et al. (2005).

RT-qPCR and ChIP-qPCR qPCR was carried out 
with POWER SYBR Green PCR Master Mix (#4367659, 
Applied Biosystems, Waltham, MA, USA) according to the 
manufacturer’s instructions, using the 7300 Real-time 
PCR System (Applied Biosystems). We designed the 
primers for reference genes based on draft sequences of 
the corresponding genes (Supplementary Text S2, Supple-
mentary Fig. S1) except for AhgFLC primers, which were 
designed based on the genomic sequence (GenBank acces-
sion number: KC505459.1). All primers used for qPCR 
are listed in Table 1. To perform absolute quantification, 
we used a standard curve with five concentrations of stan-
dard samples. We confirmed that all primers in this 
study efficiently amplified their targets within this 
range. qPCR of all samples was performed in duplicate, 
and the means were used for calculations.

For RT-qPCR, young leaves of A. halleri were sampled 
in autumn and in winter at our field site. For the eval-
uation of reference genes, autumn and winter samples 
were collected on October 4, 2012 and February 26, 2013, 
respectively (six replicates from separate individuals per 
sampling date); for the quantification of AhgFLC expres-
sion, they were collected on November 6, 2012 and 
February 19, 2013, respectively (four replicates). RNA 
was extracted using an RNeasy Plant Mini Kit (QIAGEN, 
Hilden, Germany) and quantified using Qubit Fluorome-
ter and Qubit RNA HS Assay Kits (Thermo Fisher Scien-
tific, Waltham, MA, USA). Approximately 200 ng of 
RNA was used for cDNA synthesis using a High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems).
Approximately 10 ng of RNA was used in each qPCR, and 
qPCR for each sample was performed in duplicate. Nor-
malization was done using a standard cDNA sample pro-
duced from laboratory-grown NV plants.

For ChIP-qPCR, we analysed samples described in the 
“Plant materials and growth conditions” section. We 

used input DNA to generate a standard curve.

Data normalization Expression of candidate reference 
genes was compared without normalization (Fig. 2). We 
performed H3 ChIP (see Fig. 3 for candidate reference 
genes) along with the ChIPs for histone lysine methyla-
tions to confirm that differences in both H3K4me3 and 
H3K27me3 levels reflected actual modification differ-
ences and not histone density variation at the regions 
analysed under our conditions. The H3K4me3 and 
H3K27me3 ChIPs were normalized as follows: in Fig. 4, 
the absolute amount of H3K4me3/H3K27me3 ChIP DNA, 
expressed as % of input, was divided by the absolute 
amount of H3 ChIP DNA, expressed as % of input at the 
same region; in Figs. 5B, 5D and 6B, AhgPP2AA3 was 
used as an internal control for calculating H3K4me3 lev-
els at AhgFLC; in Figs. 5C, 5E and 6C, AhgSTM was used 
as an internal control for calculating H3K27me3 levels at 

Table 1. List of primers used for RT-qPCR and ChIP-qPCR

Gene Experiment Primer sequence

AhgPP2AA3

RT-qPCR
5’-GTATGCACATGTTTTGCTTCCAC-3’

5’-CAACCAAGTCATTCTCCCTCATC-3’

ChIP-qPCR
5’-CAGCGTAATCGGTAAAATCTCG-3’

5’-CCGTCCCAATCTAGAGAGAAACTAC-3’

AhgRBP45B RT-qPCR &
ChIP-qPCR

5’-TCGCAGATGGTTTCTGCTAAAG-3’

5’-CGGGATAGGAGCGTTGTTG-3’

AhgUBP1A

RT-qPCR
5’-CGATCTCAGTCCCTGCTCTGT-3’

5’-CCTGCTTGCCTTAGAGAATGTTG-3’

ChIP-qPCR
5’-TTCGTGGGTTTTAATCACTGAGC-3’

5’-ACGAAACACAAGCCCACAATC-3’

AhgACT2 RT-qPCR &
ChIP-qPCR

5’-GCGACCAGACAGAGAAAGAAGG-3’

5’-GATGGAGAAAAGCGGAAGAAGA-3’

AhgSTM ChIP-qPCR
5’-ATCAGTCACACCACCAACAAAGTAG-3’

5’-AGAGAATAAGCAGGGGCACAAG-3’

AhgAG ChIP-qPCR
5’-CTTGAGGAAATCTGGGAGAGGA-3’

5’-CTTCAGCATCACAAAGAACAGAGAG-3’

AhgFUS3 ChIP-qPCR
5’-ATTCTCAACGGAGCCCAAAC-3’

5’-AACCTCCAACGACACTCCTCTC-3’

AhgFBOX ChIP-qPCR
5’-AAGAGAATAGCCAGACCCAATCC-3’

5’-TCCGATACGCAACGAAACC-3’

AhgFLC RT-qPCR
5’-CGGCGGTTAAAATCAAAATC-3’

5’-CAAACGCTCGCCCTTATC-3’

AhgFLC
ChIP-qPCR

5’-AAAAGGAAAGAGAAGAACGCTTAG-3’

5’ UTR 5’-AGAGGGCTTTATTCCCTAGTTTG-3’

AhgFLC
ChIP-qPCR

5’-GAAAACCGACAATCACACAACC-3’

1st intron 5’-TAGAGGCACCAAAGAAACAAGG-3’

AhgFLC
ChIP-qPCR

5’-TCTTAACGAGCTTGCACACATC-3’

5th intron 5’-AAGACCGACACTTTCAGCAAATAC-3’

AhgFLC
ChIP-qPCR

5’-CATCATGTGGGAGCAGAAGCT-3’

7th exon 5’-CGGAAGATTGTCGGAGATTTG-3’
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Fig. 2. Expression of ChIP-qPCR reference genes in the field condition. AhgPP2AA3, AhgRBP45B,
AhgUBP1A and AhgACT2 expression was quantified by RT-qPCR using autumn and winter field 
samples. Expression relative to autumn samples is presented. Values are the means of six biological rep-
licates, and error bars represent standard deviations. Asterisks indicate significance in the Wilcoxon rank 
sum test: **P < 0.01; NS, not significant at P < 0.05.

Fig. 3. Amounts of H3 ChIP DNA (% of input) at reference genes in the controlled cold and field conditions.
ChIP-qPCR was performed with H3 antibody for candidate reference genes, using non-vernalized (NV) and 
vernalized (V) laboratory plants (A, B) and autumn and winter plants in the field (C, D). H3 ChIP was per-
formed for AhgPP2AA3, AhgRBP45B, AhgUBP1A and AhgACT2 (A, C), and for AhgSTM, AhgAG, AhgFUS3
and AhgFBOX (B, D). Values are the means of three (controlled cold) or four (field) biological replicates, 
and error bars represent standard deviations. Asterisks indicate significance in the Wilcoxon rank sum 
test: *P < 0.05; NS, not significant at P < 0.05.
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AhgFLC. H3-normalized values were used for these cal-
culations.

Statistical analyses For the eight reference candidates, 
Wilcoxon rank sum tests (Wilcoxon, 1945) were performed 
for gene expression (Fig. 2), absolute amount of H3 ChIP 
(% input, Fig. 3) and histone modification levels (H3K4me3 
and H3K27me3 levels, Fig. 4) to compare autumn and 
winter samples, for which we had four and six replicates 
for ChIP and gene expression analyses, respectively, for 
each sample. Wilcoxon rank sum tests were also applied 
to compare H3K4me3 and H3K27me3 levels at each 
region of AhgFLC between autumn and winter samples 
(Fig. 6).

For NV and V, the H3K4me3 and H3K27me3 levels 
were compared between treatments with different sample 
preparation (Fig. 5) by two-way ANOVA for repeated 
measures (Glantz and Slinker, 2000). Effects of the two 
main factors (treatment and region at the AhgFLC locus) 
were tested at P < 0.05 and the interaction was not 
included.

Note: A detailed procedure for the ChIP steps per-
formed in the field is provided in Supplementary Text S1: 
“Hands-on protocol for Field ChIP steps”.

RESULTS

Robust ChIP protocols are widely used for the analysis 

Fig. 4. Validation of ChIP-qPCR reference genes for H3K4me3 and H3K27me3 in the controlled cold and 
field conditions. ChIP-qPCR was performed for candidate reference genes, using non-vernalized (NV) and 
vernalized (V) laboratory plants (A, B) and autumn and winter plants in the field (C, D). H3K4me3 ChIP 
was performed for AhgPP2AA3, AhgRBP45B, AhgUBP1A and AhgACT2 (A, C), and H3K27me3 ChIP was 
performed for AhgSTM, AhgAG, AhgFUS3 and AhgFBOX (B, D). Both H3K4me3 and H3K27me3 levels 
were normalized by H3 density. Values are the means of three (laboratory) or four (field) biological repli-
cates, and error bars represent standard deviations. NS indicates that the difference is not significant in 
the Wilcoxon rank sum test at P < 0.05.
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Fig. 5. A schematic diagram of the AhgFLC locus showing the three regions in which histone modifications were quantified (A), and 
the results of modifications of initial steps of ChIP for the field study (B−E). In (A), the diagram is shown in the 5’ to 3’ 
direction. Open boxes, filled boxes and solid lines between boxes represent UTRs, exons and introns, respectively. Horizontal bars 
indicate the three regions where qPCR primers were designed (5’ UTR, 1st and 5th intron regions). In (B−E), H3K4me3 (B, D) and 
H3K27me3 (C, E) levels at the three regions of the AhgFLC locus analysed by ChIP-qPCR are shown for two sets of differently treated 
samples. Grey and white bars in these graphs represent, respectively, 0 h and 2 h sampling time prior to cross-linking (B, C), and 
0 h and 7 h preservation time after cross-linking (D, E). The results from non-vernalized (NV) and vernalized (V) plants are shown 
separately. H3K4me3 levels were normalized to that of AhgPP2AA3 (B, D). H3K27me3 levels were normalized to that of AhgSTM
(C, E). Values are the means of three biological replicates, and error bars represent standard deviations. Probability levels for the 
treatment and region effects of two-way repeated measures ANOVA are listed within each plot. NS indicates non-significance at P < 0.05.

Fig. 6. AhgFLC expression and H3K4me3 and H3K27me3 levels at AhgFLC in autumn and winter field samples. RT-qPCR was per-
formed to quantify AhgFLC expression relative to AhgPP2AA3, using autumn and winter field samples (A). ChIP-qPCR was per-
formed for the AhgFLC locus (5’ UTR, 1st and 5th intron regions) with H3K4me3 (B) and H3K27me3 (C) antibodies using autumn and 
winter field samples. H3K4me3 levels were normalized to that of AhgPP2AA3 (B). H3K27me3 levels were normalized to that of 
AhgSTM (C). Values are the means of four biological replicates, and error bars represent standard deviations. Asterisks indicate 
significance in the Wilcoxon rank sum test: *P < 0.05; NS, not significant at P < 0.05.
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of laboratory-grown samples, especially in species whose 
genome sequence is available (e.g., Haring et al., 2007; 
Saleh et al., 2008). We chose to use the protocol 
described by Gendrel et al. (2005) because it has been 
widely used for plant samples (e.g., Guo et al., 2008; He 
et al., 2010; Roudier et al., 2011). We first confirmed 
that chromatin extracted from cross-linked tissues pro-
vided greater enrichment of immunoprecipitated DNA 
than native chromatin (Supplementary Fig. S2), and con-
firmed that sonication under our experimental conditions 
provided DNA fragments with good resolution (around 
200–400 bp, Supplementary Fig. S3). We performed 
chromatin extraction, immunoprecipitation and reverse 
cross-linking following the protocol of Gendrel et al. 
(2005).

Identification of ChIP-qPCR reference genes in A. 
halleri and estimation of nucleosome density Ref-
erence genes are used to normalize ChIP-qPCR data, i.e., 
to account for differences in the amount of chromatin 
between samples. A suitable reference gene must satisfy 
two major requirements: (1) it should be enriched in the 
histone modification analysed, and (2) the level of histone 
modification should remain constant under all experi-
mental conditions (Haring et al., 2007). In the present 
report, reference genes should not have different histone 
modification levels between NV and V samples, or 
between autumn and winter samples.

We selected reference genes among either genes that 
have been reported to be superior candidates for RT-PCR in 
A. thaliana (Czechowski et al., 2005) or well-characterized 
genes whose expression was expected not to change in our 
experimental conditions. As reference genes for H3K4me3 
ChIP, we selected orthologues of the following four genes: 
three genes reported to be active and invariantly 
expressed under diverse conditions, namely PROTEIN 
PHOSPHATASE 2A SUBUNIT A3 (PP2AA3), RBP45B
and OLIGOURIDYLATE-BINDING PROTEIN 1A (UBP1A) 
(Czechowski et al., 2005), and ACTIN2 (ACT2), a gene 
constitutively expressed in vegetative tissues (An et al., 
1996). As reference genes for H3K27me3 ChIP, we 
selected orthologues of the following four genes: SHOOT 
MERISTEMLESS (STM) and AGAMOUS (AG), because 
these genes are silenced in tissues other than the shoot 
meristem (Yanofsky et al., 1990; Long et al., 1996); 
FUSCA3 (FUS3), silenced after germination (Gazzarrini 
et al., 2004); and F-box family protein-related gene 
(FBOX), which has been characterized as a low-expression 
gene (Czechowski et al., 2005). All of these genes are 
known to be enriched in H3K27me3 in A. thaliana (Zhang 
et al., 2007) and, moreover, some of them are already rou-
tinely used as internal controls (Schubert et al., 2006; 
Finnegan and Dennis, 2007; Buzas et al., 2011; Lafos et 
al., 2011). We determined the A. halleri sequences of 
these genes by homology search of A. thaliana genes 

against the draft genome of A. halleri (Supplementary 
Text S2), and designed the primers for ChIP-qPCR and 
RT-qPCR (Table 1, Supplementary Fig. S1). We analy-
sed the expression of these candidate reference genes 
using additional autumn and winter samples of young 
leaves of A. halleri by RT-qPCR. The four candidate ref-
erence genes for H3K4me3 ChIP were expressed in both 
autumn and winter samples (Fig. 2). There was no sig-
nificant difference (P > 0.05, in Wilcoxon rank sum test) 
in the expression of AhgPP2AA3, AhgRBP45B and
AhgUBP1A between autumn and winter, while AhgACT2
showed 2.2-fold higher expression in winter than that in 
autumn (Fig. 2). Under our experimental conditions, the 
expression of four reference genes for H3K27me3 ChIP, 
i.e., AhgSTM, AhgAG, AhgFUS3 and AhgFBOX, was 
undetectable using RT-qPCR.

Nucleosome positioning can vary depending on environ-
mental factors (Huebert et al., 2012), and therefore quan-
tification of H3 tail modifications needs to take into 
account the density of H3 itself. To approximate H3 den-
sity, we quantified the DNA immunoprecipitated with an 
H3 antibody at all eight putative normalization control 
genes and compared the quantity between NV and V sam-
ples and between autumn and winter samples. For the 
latter comparison, we had to validate reference genes 
because the behaviour of internal control genes in ChIP 
analysis has never been reported for field samples. We 
therefore analysed the same reference genes used with 
NV and V samples also for the field samples. Validation 
of internal controls was based on four biological replicates 
of the field samples for all ChIPs (H3 ChIP, Fig. 3, C and 
D; H3K4me3 and H3K27me3 ChIPs, see below and Fig. 
4, C and D) and a suitable statistical test (see MATERIALS 
AND METHODS). Overall, we found little H3 density 
variation under laboratory-controlled cold conditions (Fig. 
3, A and B), and found that differences in H3 density 
tended to be larger in the field than in the laboratory 
samples (Fig. 3). The highest change we detected was 
2.3-fold, found at AhgUBP1A between autumn and winter 
samples. In the field, one out of the four putative 
H3K4me3 control genes and three out of the four putative 
H3K27me3 control genes did not show any significant dif-
ference (Wilcoxon rank sum test, Fig. 3, C and D). These 
results are consistent with the fact that the resolution of 
our ChIPs is 2–3 nucleosomes. To minimize the influ-
ence of histone density on the quantification of histone 
tail modifications, especially in the field, and for consis-
tency with ChIP-qPCR normalization methods in other 
reports (Angel et al., 2011; Buzas et al., 2011), we used 
the H3 ChIP values for normalization in all subsequent 
calculations.

To assess if these genes satisfy the requirements for 
reference genes, we first confirmed that they are actually 
marked with H3K4me3 or H3K27me3. Indeed, all the 
tested genes showed clearly higher values of % of input 
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in H3K4me3 or H3K27me3 ChIP than the no-antibody 
control (Supplementary Table S1). Next, we compared 
H3K4me3 or H3K27me3 levels at these genes between 
NV and V, and autumn and winter, also using H3 ChIP 
as a control for H3 density (see MATERIALS AND 
METHODS). We found that the H3K4me3 and 
H3K27me3 levels were similar between NV and V sam-
ples for the respective corresponding genes (Fig. 4, A and 
B). We found no significant differences (Wilcoxon rank 
sum test) in H3K4me3 or H3K27me3 levels at the regions 
tested, suggesting that all these regions are suitable nor-
malization controls for autumn and winter field samples 
as long as they are normalized by H3 density (Fig. 4, C 
and D). Thus, although all the tested genes were appro-
priate as reference genes for either H3K4me3 or 
H3K27me3 ChIP, both in the field condition and in labo-
ratory vernalization, we selected AhgPP2AA3 and AhgSTM
as reference genes in which H3 density showed no signif-
icant difference between autumn and winter samples 
(Fig. 3, C and D).

Histone modification patterns at AhgFLC during 
vernalization To characterize histone modifications at 
AhgFLC, we designed primers in three regions along 
AhgFLC corresponding to regions within A. thaliana FLC
that are known to respond to cold treatment (Finnegan 
and Dennis, 2007; Angel et al., 2011; Yang et al., 2014, 
Fig. 5A). We performed H3K4me3 and H3K27me3 
ChIPs for the three AhgFLC regions, and confirmed that 
the % of input was much higher in H3K4me3 and 
H3K27me3 ChIPs than in the no-antibody controls at all 
three regions (Supplementary Table S2). Next, we com-
pared the levels of histone modifications between NV and 
V samples. The H3K4me3 level was higher in the NV 
than in the V condition at the 5’ UTR region. The 
enrichment was low at the 1st and 5th intron regions in 
both the NV and the V conditions (Fig. 5, B and D). The 
H3K27me3 level was higher in the V than in the NV con-
dition at the 5’ UTR and 1st intron regions but not at the 
5th intron region (Fig. 5, C and E). These results indi-
cate that the patterns of both H3K4me3 and H3K27me3 
in laboratory-vernalized A. halleri are consistent with the 
reported patterns in A. thaliana (Finnegan and Dennis, 
2007; Angel et al., 2011; Yang et al., 2014).

Field ChIP: performing the initial steps of labora-
tory ChIP procedures in the field
1. A long sampling time does not interfere with the 

results of ChIP-qPCR
Because plants are scattered in their natural habitats, 

sampling takes a considerably longer time in the field 
than in the laboratory. In the population of A. halleri we 
are analyzing, it takes approximately 1 to 2 h to collect 
leaf samples, depending on the number of plants 
required. To evaluate how such a long sampling time 

might influence the results of ChIP-qPCR, we imitated 
the field sampling by placing leaves harvested in the 
laboratory in distilled water for 2 h on ice. We then com-
pared the results of ChIP-qPCR for immediately cross-
linked (0 h) and 2-h-preserved (2 h) samples using plants 
grown under the NV or V condition. We found that there 
was no significant difference between the 0 h and 2 h 
samples for either H3K4me3 or H3K27me3 ChIP (two-
way repeated measures ANOVA, Fig. 5, B and C). These 
results indicate that long sampling (for up to 2 h) in a nat-
ural population allows us to obtain consistent results in 
ChIP-qPCR.

2. After cross-linking, samples can be preserved for 
7 h before deep-freezing

When ChIP is performed in the laboratory, harvested 
leaf samples are cross-linked with formaldehyde using a 
vacuum pump and immediately frozen in liquid N2. We 
brought a vacuum pump and a rechargeable battery to 
the field and performed cross-linking at the field 
site. Since transportation of liquid N2 to the field would 
constitute a major traffic hazard, we tested whether sam-
ples could be preserved for a 7-h period prior to freezing, 
representing the longest transport time between our field 
site and the laboratory. To evaluate whether immediate 
freezing in liquid N2 is strictly required, we preserved 
cross-linked leaves in PBS on ice for 7 h and compared the 
results of ChIP-qPCR between samples that were imme-
diately frozen in liquid N2 (0 h preservation time) and 
those preserved in PBS before freezing in liquid N2 (7 h 
preservation time) using plants grown under NV or V 
conditions. There were no significant differences (two-
way repeated measures ANOVA) in the levels of 
H3K4me3 or H3K27me3 between the 0 h and 7 h samples 
(Fig. 5, D and E). Thus, preserving cross-linked leaves 
in PBS on ice for up to at least 7 h after cross-linking 
allows good preservation of chromatin, comparable to that 
obtained when tissue is immediately frozen in liquid N2.

In conclusion, we adapted the Gendrel et al. (2005) 
standard laboratory ChIP protocol for application to field 
samples by incorporating two different steps: a 2-h pres-
ervation before formaldehyde cross-linking, and a 7-h 
PBS preservation before freezing in liquid N2 (see also 
Supplementary Text S1: “Hands-on Field ChIP protocol”).

Histone modifications at AhgFLC in autumn and 
winter are distinct from those in laboratory ver-
nalization Next, we used the Field ChIP method to 
sample A. halleri leaves in the field site in autumn and 
winter, and analysed changes in histone modifications at 
AhgFLC. On the same dates, the AhgFLC expression 
level was ca. 1,500 fold higher in autumn than in winter 
(Fig. 6A). Consistent with this result, the levels of 
H3K4me3 were higher in autumn than in winter at the 
5’ UTR and 1st intron regions, but not at the 5th intron 
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region (Fig. 6B). In contrast, at all of the tested regions, 
the levels of H3K27me3 were higher in winter than in 
autumn (Fig. 6C). These results were consistent with 
those of laboratory vernalization, indicating that the 
Field ChIP method can reliably detect the critical changes 
in histone modifications in actual field samples.

At the 1st and 5th intron regions, the increase in 
H3K27me3 levels upon cold exposure was much more pro-
nounced in the field (Fig. 6C) than in the laboratory (Fig. 
5E), while the ratios of winter to autumn (field) and of V 
to NV (laboratory) for H3K27me3 were similar at the 5’ 
UTR region. The winter/autumn ratio of H3K27me3 at 
the 1st intron region was greater than 50, and that at the 
5th intron region was greater than 20 (Fig. 6C), whereas 
the V/NV ratios in the laboratory experiment were less 
than five-fold at the 1st and 5th intron regions (Fig. 
5E). This difference was not due to different patterns of 
H3 density, because they were similar between laboratory 
and field samples (Supplementary Fig. S4). We found no 
differences in the levels of H3K4me3 between the labora-
tory (Fig. 5D) and field (Fig. 6B) samples. Overall, these 
results indicated that histone modifications at AhgFLC
are largely similar between laboratory and field samples, 
but that certain regions of the gene have different pat-
terns.

DISCUSSION

In standard vernalization experiments performed in 
the laboratory, plants have often been grown under com-
binations of constant warm and cold temperatures, but 
such growth conditions do not faithfully mimic natural 
seasonal environments, in which temperature fluctua-
tions are complex (Kudoh and Nagano, 2013; Kudoh, 
2015). While these constant, simplified conditions 
greatly facilitated the initial dissection of molecular 
mechanisms of gene expression (e.g., Michaels and 
Amasino, 1999) and histone modifications (e.g., Bastow et 
al., 2004; Sung and Amasino, 2004) during vernalization, 
such simplification may not be informative about molec-
ular mechanisms operating under fluctuating natural 
environments. Therefore, we took advantage of previ-
ously established knowledge about the seasonal pattern of 
FLC expression from a natural population of A. halleri, 
and aimed to extend the analysis to the level of histone 
modifications.

Characterization of histone modifications has also been 
initiated in other Brassica species (e.g., Chinese cabbage, 
Kawanabe et al., 2016). To the best of our knowledge, 
however, ChIP experiments have not hitherto been per-
formed on field samples through different seasons, and 
nothing is known about how histone modifications may 
change in the field. In this report we examined whether 
a particular set of reference genes are suitable for ChIP-
qPCR normalization in A. halleri, under both laboratory 

vernalization and field conditions. By quantifying both 
nucleosome density, using H3 ChIP, and H3K4me3/
H3K27me3 levels, we demonstrated that these genes are 
adequate controls, allowing accurate normalization and 
comparison of H3K4me3 and H3K27me3 levels in the 
gene of interest at different time points between field and 
laboratory samples. We also established an effective 
sampling and preservation method for field samples.
Here, we reported the first Field ChIP method applicable 
to in natura plant samples. This method may, further-
more, represent a good starting point for other field stud-
ies, provided that prior validation of the suitability of 
Field ChIP is performed.

Emerging paradigms on how external temperature 
modulates the developmental transition to flowering have 
come from studies of FLC in A. thaliana, in which plants 
were exposed to controlled temperatures mimicking those 
in different seasons. These studies pinpointed two main 
response regions within FLC chromatin, the transcription 
start site and the gene body region (Finnegan and Dennis, 
2007; Angel et al., 2011), each associated with quantita-
tive repression of FLC by cold and with maintenance of 
this repression after cold exposure. In this study, we 
monitored the corresponding regions in a perennial ortho-
logue, AhgFLC, and found that the transcription start 
site registers a decrease in H3K4me3 and an increase in 
H3K27me3 during winter, similar to that observed in A. 
thaliana upon cold treatment, whereas chromatin 
responses in the gene body region may be different.
H3K27me3 increased considerably at the gene body 
region during winter, although this increase was less pro-
nounced in laboratory V samples. This is interesting, 
considering that in A. thaliana, the enrichment of 
H3K27me3 in the FLC gene body has been reported to 
occur after plants return to warm temperature but not in 
the cold (Finnegan and Dennis, 2007; Angel et al., 
2011). The enrichment of H3K27me3 in the AhgFLC 
gene body in winter samples may be explained by longer 
cold exposure in the field than in the laboratory 
experiment. Indeed, the calculated cumulative sum of 
temperatures lower than 10.5 °C, representing the ver-
nalization temperature threshold (Aikawa et al., 2010), 
was 6,552 degree hours for the laboratory samples and 
15,795 degree hours for the field samples. Alternatively, 
the differences could be caused by other aspects of the 
natural temperature regimes, such as day-and-night or 
day-by-day fluctuations of temperature and a gradual 
change of mean temperature in the long term. The sig-
nificance of these findings should be substantiated by 
more detailed future studies in which the laboratory 
experimental protocol is adjusted to simulate the actual 
in natura conditions. With the availability of our cur-
rent Field ChIP method, and using FLC as a model sys-
tem, such studies are now possible and should greatly 
expand our understanding of chromatin’s contribution to 



25Field ChIP at FLC in Arabidopsis halleri

the regulation of gene expression in natura.
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Dynamic changes in nucleosome occupancy are not predic-
tive of gene expression dynamics but are linked to transcrip-
tion and chromatin regulators. Mol. Cell. Biol. 32, 1645–
1653.

Kawanabe, T., Osabe, K., Itabashi, E., Okazaki, K., Dennis, E. 
S., and Fujimoto, R. (2016) Development of primer sets that 
can verify the enrichment of histone modifications, and 
their application to examining vernalization-mediated chro-
matin changes in Brassica rapa L. Genes Genet. Syst. 
http://doi.org/10.1266/ggs.15-00058

Kudoh, H. (2016) Molecular phenology in plants: in natura sys-
tems biology for the comprehensive understanding of sea-
sonal responses under natural environments. New Phytol.
219, 399–412.

Kudoh, H., and Nagano, A. J. (2013) Memory of temperature in 
the seasonal control of flowering time: An unexplored link 
between meteorology and molecular biology. In: Evolution-
ary Biology: Exobiology and Evolutionary Mechanisms, (ed.: 
P. Pontarotti), pp. 195–215. Springer, Berlin.

Lafos, M., Kroll, P., Hohenstatt, M. L., Thorpe, F. L., Clarenz, 
O., and Schubert, D. (2011) Dynamic regulation of H3K27 
trimethylation during Arabidopsis differentiation. PLoS 
Genet. 7, e1002040.

Long, J. A., Moan, E. I., Medford, J. I., and Barton, M. K. (1996) 
A member of the KNOTTED class of homeodomain proteins 
encoded by the STM gene of Arabidopsis. Nature 379, 66–
69.

Michaels, S. D., and Amasino, R. M. (1999) FLOWERING LOCUS 
C encodes a novel MADS domain protein that acts as a 
repressor of flowering. Plant Cell 11, 949–956.

Orlando, V. (2000) Mapping chromosomal proteins in vivo by 
formaldehyde-crosslinked-chromatin immunoprecipitation.
Trends Biochem. Sci. 25, 99–104.

Pien, S., Fleury, D., Mylne, J. S., Crevillen, P., Inzé, D., Avramova, 
Z., Dean, C., and Grossniklaus, U. (2008) ARABIDOPSIS 
TRITHORAX1 dynamically regulates FLOWERING LOCUS 
C activation via histone 3 lysine 4 trimethylation. Plant 
Cell 20, 580–588.

Roudier, F., Ahmed, I., Bérard, C., Sarazin, A., Mary-Huard, T., 
Cortijo, S., Bouyer, D., Caillieux, E., Duvernois-Berthet, E., 
Al-Shikhley, L., et al. (2011) Integrative epigenomic map-
ping defines four main chromatin states in Arabidopsis.
EMBO J. 30, 1928–1938.

Saleh, A., Alvarez-Venegas, R., and Avramova, Z. (2008) An effi-
cient chromatin immunoprecipitation (ChIP) protocol for 
studying histone modifications in Arabidopsis plants. Nat 
Protoc. 3, 1018–1025.

Schubert, D., Primavesi, L., Bishopp, A., Roberts, G., Doonan, J., 
Jenuwein, T., and Goodrich, J. (2006) Silencing by plant 
Polycomb-group genes requires dispersed trimethylation of 
histone H3 at lysine 27. EMBO J. 25, 4638–4649.

Song, J., Angel, A., Howard, M., and Dean, C. (2012) Vernaliza-
tion - a cold-induced epigenetic switch. J. Cell Sci. 125, 
3723–3731.



26 H. NISHIO et al.

Sung, S., and Amasino, R. M. (2004) Vernalization in Arabidopsis 
thaliana is mediated by the PHD finger protein VIN3.
Nature 427, 159–164.

Sung, S., Schmitz, R. J., and Amasino, R. M. (2006) A PHD fin-
ger protein involved in both the vernalization and photope-
riod pathways in Arabidopsis. Genes Dev. 20, 3244–3248.

Tamada, Y., Yun, J. -Y., Woo, S. C., and Amasino, R. M. (2009) 
ARABIDOPSIS TRITHORAX-RELATED7 is required for 
methylation of lysine 4 of histone H3 and for transcriptional 
activation of FLOWERING LOCUS C. Plant Cell 21, 
3257–3269.

Wang, R., Farrona, S., Vincent, C., Joecker, A., Schoof, H., 
Turck, F., Alonso-Blanco, C., Coupland, G., and Albani, M. 
C. (2009) PEP1 regulates perennial flowering in Arabis 
alpina. Nature 459, 423–427.

Wilcoxon, F. (1945) Individual comparison by ranking methods.
Biometrics Bull. 1, 80–83.

Yang, H., Howard, M., and Dean, C. (2014) Antagonistic roles 
for H3K36me3 and H3K27me3 in the cold-induced epige-
netic switch at Arabidopsis FLC. Curr. Biol. 24, 1793–
1797.

Yanofsky, M. F., Ma, H., Bowman, J. L., Drews, G. N., Feldmann, 
K. A., and Meyerowitz, E. M. (1990) The protein encoded by 
the Arabidopsis homeotic gene agamous resembles tran-
scription factors. Nature 346, 35–39.

Zhang, X., Clarenz, O., Cokus, S., Bernatavichute, Y. V., 
Pellegrini, M., Goodrich, J., and Jacobsen, S. E. (2007) Whole-
genome analysis of histone H3 lysine 27 trimethylation in 
Arabidopsis. PLoS Biol. 5, e129.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50222
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata pogodnih za pouzdani prikaz i ispis poslovnih dokumenata koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [596.130 795.120]
>> setpagedevice


