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Preface

The cereal grasses (Poaceae) are a fundamental source of nutrients in the human diet, and
major cereal crops, which include wheat, maize, rice, barley, oat, sorghum, and millet, rep-
resent primary food sources for populations around the world. In the last years, research
efforts in molecular biology have been aimed at increasing not only yield and grain quality
in cereal crops but also their adaptability to ever-changing environments. Nowadays, the
emergence of high-throughput sequencing technologies, along with bioinformatic tools to
analyze big volumes of data and genome-editing platforms to dissect gene pathways, has
modified the mode of working with genetic information and complex traits. In the next
years, it is expected that both basic and applied research in cereal genomics will play a cru-
cial role to achieve sustainable global food security.

This volume of Methods in Molecular Biology is the result of the collaboration of lead-
ing scientists from around the world (including Argentina, Australia, Canada, China,
France, Germany, India, Japan, Mexico, the United Kingdom, and the United States).
Here, I have compiled some of the latest molecular techniques for the analysis and manipu-
lation of grass genomes. Cutting-edge technologies and advancements in cereal genomics
are covered as follows: high-throughput DNA extraction protocols, crop genetic resources,
meta-quantitative trait loci (QTL) analysis, association mapping, next-generation genome
sequencing, transposable element-associated variation, transcriptomics analysis, epigenetic
variation (i.e., both DNA methylation and histone modifications), identification of
imprinted genes, noncoding RNAs (circular RNAs), genome-editing technologies, and
posttranslational protein phosphorylation. Each chapter has carefully been selected so that
the reader can explore the hottest topics and apply current protocols in cereal genomics.

Cordoba, Argentina Luis M. Vaschetto
Brookings, SD, USA
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A Low-Cost High-Throughput Method for Plant Genomic
DNA Isolation

Prateek Gupta, Hymavathi Salava, Yellamaraju Sreelakshmi,
and Rameshwar Sharma

Abstract

Many of the functional genomics methods require isolation of genomic DNA from large population of
plants. The selection of DNA isolation protocols depends on several factors such as choice of starting
material, ease of handling, time and labor required for isolation, the final quantity as well as the quality of
genomic DNA. We outline here a high-throughput method of DNA extraction from different plant species
including cereal crops. The protocol can be used for extraction of DNA in single tubes as well as for large
formats in 96-well plates. The protocol includes steps for eliminating interfering secondary products such
as phenolics. This protocol can be applied for high-throughput isolation of DNA for varied applications
such as TILLING, mapping, fingerprinting, etc. as a cost-effective protocol compared to commercial kits.

Key words DNA isolation, Genomic DNA, Corn, Maize, Cereals

1 Introduction

The advent of functional genomics has necessitated genomic DNA
isolation from a large number of plants. Due to the presence of
rigid non-cellulose components in the plant cell wall of cereal crops,
DNA isolation requires mechanical and efficient homogenization of
tissues to release the DNA from the cells. In addition, homogeniza-
tion releases metabolites such as nucleases, carbohydrates, chloro-
phylls, and secondary metabolites, which interfere with DNA
isolation and PCR amplifications. Moreover, the presence of poly-
saccharides, proteins, and DNA polymerase inhibitors such as tan-
nins, alkaloids, and polyphenols makes it difficult for the extraction
and purification of high-quality DNA from cereals [1]. Dellaporta
etal. [2] reported an efficient Miniprep protocol for the isolation of
genomic DNA from maize tissues. This protocol has been widely
adapted for many plant species; however, in several species the pres-
ence of contaminating metabolites, especially secondary metabo-
lites such as polyphenolics, phenolics, and flavonoids, can influence

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
https://doi.org/10.1007/978-1-4939-9865-4_1, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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DNA quality. Efficient removal of these contaminants during DNA
isolation is essential, as these metabolites bind to DNA imparting
brown color and interfere with the downstream PCR amplifications
[3]. Xin and Chen [4] reported a DNA isolation method using
CTAB with additional cleanup step from sorghum leaves and seeds.
Most protocols enabling isolation of genomic DNA from plants
possessing high levels of polyphenols use a phenol-chloroform
extraction step [5, 6]. However, this step necessitates phase separa-
tion and careful collection of the aqueous phase, which precludes
use of these protocols for high-throughput DNA isolation. Leach
et al. [7] used a urea-based extraction buffer for high-throughput
isolation of DNA from maize leaves. Recently, Abdel-Latif and
Osman [1] compared different DNA isolation methods for the iso-
lation of genomic DNA from maize grains and found that the mod-
ified Mericon method (Qiagen DNeasy Mericon Kit) was more
efficient in terms of yield and quality.

High-throughput genomics applications such as gene/QTL
mapping, insertional mutagenesis, and TILLING require isolation
of genomic DNA from large population. This necessitates a low-
cost and high-throughput protocol for DNA isolation. However,
the presence of secondary metabolites, such as polyphenols in
tomato [8], entails inclusion of a step to efficiently eliminate these
metabolites in early stage of extraction. The inclusion of polymers
such as polyvinylpolypyrrolidone (PVPP) in extraction buffer can
reduce the binding of polyphenols to DNA [6, 8, 9]. The addition
of f-mercaptoethanol can reduce the activity of peroxidases and
polyphenol oxidases, thus preventing oxidation of the polyphenols
[10]. The incubation of genomic DNA with RNase for 30-60 min
can remove the contaminating RNA [6, 11]. The inclusion of
PVPP, B-mercaptoethanol, and RNase during initial extraction
steps yielded high-quality genomic DNA for TILLING from
tomato cotyledons [12]. In this chapter, we outline a low-cost
high-throughput DNA extraction method, which can be applied
to any plant tissue. Using this protocol genomic DNA from about
384 plant samples (four 96 deep well plates) can be isolated in a
single run.

2 Materials

2.1 Equipment

1. Deep well plate tissue homogenizer (Mini Beadbeater, BioSpec
Products Inc.)

2. Centrifuge with microplate rotor (SH-3000, Sorvall Evolution
RC, Thermo Scientific).

3. Multichannel pipettes or 96-channel Pipettor (Eppendorf/
PP550 DS, Apricot Designs Inc.)

4. Nanodrop Spectrophotometer (ND-1000, Thermo Fisher
Scientific).
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5. Temperature controlled Water Bath or Incubator (Daihan
Labtech Co.)

6. Horizontal gel electrophoresis system (Genei).

7. Gel documentation system (Syngene).

Prepare all solutions with molecular biology grade chemicals, in
sterile nuclease-free MilliQQ water. Autoclaving of all plastic wares
and other accessories is essential.

1. DNA Extraction buffer: 0.1 M Tris-HCI (pH 7.5), 0.05 M
EDTA (pH 8.0), 1.25% (w/v) SDS.
Polyvinylpolypyrrolidone (PVPP) (Sigma-Aldrich).
B-mercaptoethanol (Sigma-Aldrich).

10 mg/mL RNase A (Sigma-Aldrich).

6 M Ammonium acetate (Sigma-Aldrich).

Isopropanol (SRL).

Ethanol (70% v/v) (Hayman).

TE buffer: 10 mM Tris (pH 7.5), 1 mM EDTA (pH 8 0.0).
96-well plates (2 mL and 1 mL) (Axygen Scientific).

Steel balls of ~2 mm diameter.

VXN e

—
—_— O

. Forceps and spatula.

—

96-well PCR plates (Axygen Scientific).
2. Silicon sealing mats (Axygen Scientific).
3. Tris buffer: 10 mM Tris (pH-7.5).

3 Methods

3.1 DNA Isolation

The protocol for DNA extraction in a 96-well plate from maize
and wheat leaf tissue is outlined below. This protocol can also be
used for DNA extraction in microcentrifuge tubes with suitable
modifications (see Note 1). The usage of a 96-channel pipettor or
an 8- or 12-channel pipette is recommended for pipetting to save
time. At one time, four 96-well plates can be processed for DNA
extraction, subject to the availability of a swinging bucket rotor
capable of'accommodating four deep well plates.

1. Harvest about 100 mg of fresh leat and place it in the 96 deep
well plate kept on the ice (see Notes 1-3).

2. Place three steel balls using forceps into each well (see Note 4).
In parallel also add 20 mg of insoluble PVPP into each well
(see Note 5).
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3.2 Quantification,
Dilution, and Storage

3.

10.

11.

12.

13.

14.

15.

16.

Using a multichannel or a 96-channel pipettor, add 750 pl
preheated (65 °C) extraction buffer to each well. Add 10 pl
B-mercaptoethanol to a final concentration of 0.2 M to each
well of the plate (se¢ Note 6).

. Reseal the plates tightly with silicon sealing mats and homog-

enize the tissue in a Mini-Bead Beater for 2 min (see Note 7).

. Incubate the plates in a water bath or in an oven at 65 °C for

30 min for cell lysis. Mix the contents of plates at about
5-7 min intervals by gently inverting the plates.

Transfer the plates to room temperature for 5 min and add
4 pL of 10 mg/mL RNAse A to each well. Reseal the plates
and gently mix the contents and incubate them at 37 °C in a
water bath or incubator for 30 min.

. Transfer the plates to room temperature for 5 min and add

400 pL of ice-cold ammonium acetate to each well and mix
thoroughly by gentle inversion. Incubate the plates at 4 °C for
15 min.

. Centrifuge the plates at 4750 x g4 for 30 min at 4 °C in a

swinging bucket rotor (se¢ Note 8).

. Transfer 650-700 pL of the clear supernatant using a multi-

channel or a 96-channel pipettor to a fresh 2 mL 96-well plate
(see Note 9).

Add an equal volume of ice-cold isopropanol to each well to
precipitate DNA. Mix gently and incubate at —20 °C for at
least 2 h (see Note 10).

Centrifuge the plates at 4750 x g for 30 min at 4 °C. Remove
the supernatant by gentle inversion of the plate.

Add 500 pL of ethanol (70% v/v) to each well to wash the
pellet. Spin at 4750 x g for 10 min at 4 °C and discard the
supernatant.

Repeat the ethanol wash step. Incubate the plates at 65 °C for
10-15 min to dry the DNA pellet (see Note 11).

Add 100 pL TE buffer to each well and store plates at 4 °C
overnight to dissolve DNA (see Note 12).

Centrifuge the plates at 4750 x g4 for 30 min at 4 °C to pellet
any undissolved impurities present in DNA.

Transfer about 90 pL of the supernatant to a fresh 1 mL
96-well plate. Seal with a fresh sealing mat and store the plates
at =20 °C.

Since repeated freezing and thawing can degrade DNA, it is rec-
ommended that DNA is diluted immediately after extraction and
aliquoted for desired genomic applications. The steps outlining the
dilution and aliquoting of DNA are described below:
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1 2 3 4 o 6 7 8

--—-.-.;

Fig. 1 The profile of genomic DNA isolated using described protocol. Lanes 1—4: Genomic DNA isolated from
maize leaves and Lanes 5-8 from wheat leaves. The Nanodrop data for the samples are listed below: Lane 1
iS 415 ng/pL (Asge/Asr—2.03, Ageo/Arze—2.22), Lane 2 is 670 ng/pL (Asge/Aose—2.01, Agge/Arzp—2.11), Lane 3
iS 5171 ng/pL (Azge/Arsr—2.00, Ageo/Arze—2.17), Lane 4 is 330 ng/pL (Asse/Aose—2.02, Aggo/Arz;—2.22), Lane 5
iS 642 ng/pL (Asso/Aogg—2.05, Asge/Arz;—2.16), Lane 6 is 1400 ng/pL (Asse/Aoge—=2.10, Aggo/Ars;—2.27), Lane
7 is 1344 ng/pL (Ageo/Aosc—2.04, Asso/As—2.16), and Lane 8 is 1078 ng/pL (Asse/Aoge—2.01, Agso/
Ayy—2.19)

1. Incubate the DNA samples at 65 °C for at least 15 min for
uniform dissolution of DNA and to avoid any stratification of
DNA before quantification.

2. Estimate the quantity and quality of DNA by electrophoresis
in 1% (w/v) agarose gel containing 0.5 pg/mL ethidium bro-
mide (Fig. 1). Make sure that the DNA is intact. In addition,
the quality and quantity of DNA can be examined by a
spectrophotometer (see Note 13).

3. Equalize all the DNA samples to a 5 ng/pL concentration using
Tris butter. Use this plate as a master plate for the DNA stock.

4. From this plate, transfer 5 pL aliquots to each well of a fresh
96-well PCR plate using a 96-channel pipettor.

5. Dry the PCR plates containing 5 ng DNA per well by centrifu-
gation in a vacuum drier for 8-10 min. Cover the plates with
aluminum sealing mats and store at —20 °C until required.

4 Notes

1. If the number of samples is less, the extraction can be done
in microcentrifuge tubes (1.5-2 mL). For DNA extraction
in a 1.5 mL microcentrifuge tube, 100 mg of tissue with same
volume of the solution described above can be used. The
extraction process can be scaled up or down depending on the
requirement using vials/plates of appropriate volume.
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2.

10.

For efficient isolation of DNA, the total fresh weight of tissue
placed in a single well of the plate should not exceed
80-100 mg. The tissue can be collected using a leaf punch
yielding tissue of desired weight.

The protocol outlined here can also be used for the isolation
of DNA from other species. The age and growth conditions of
the plant material can influence the extraction efficiency of
high quantity and quality DNA.

We routinely use commercially available steel balls used in fly-
wheel of the bicycle. We discard them after single use.

. Since PVPP is insoluble, it has to be added separately to each

well of the plate. To facilitate equal addition to each well, a
scoop can be designed to draw the desired weight of PVPP. The
amount of PVPP added should be optimized as it is specific to
species to eliminate polyphenol contamination. Wear a mask
to avoid inhalation. If the tissue does not have any polyphe-
nols, it can be avoided.

B-mercaptoethanol should be freshly added to each well of the
plates. Carry out addition of p-mercaptoethanol in a fume
hood. The use of p-mercaptoethanol during homogenization
also reduces polyphenol contamination in the extracted DNA.

Ensure tight fitting of sealing mat to the plate before begin-
ning homogenization, to avoid cross-contamination between
wells. The leakage if any due to sealing mat can be tested in a
mock experiment by adding a colored dye to the extraction
buffer in few wells and its leakage to neighboring well can be
monitored after homogenization. During homogenization,
some fragmentation of DNA will happen, which causes slight
smear on the gel. The duration of tissue homogenization can
be optimized by examining the homogenate under a dissec-
tion microscope. Excessive homogenization of tissue though
may improve DNA vyield; it also leads to the shearing of DNA.

. This step removes the precipitated proteins, polysaccharides,

and other debris. In case of deep well plate, the maximum
centrifugation speed is limited to about 4750 x g (Sorvall,
SH-3000 rotor). The centrifugation at higher speeds at this
step and later steps, which can be used for microcentrifuge
tubes, helps in removing the impurities more efficiently and
hence improves the quality of DNA.

. While using a 96-channel pipettor for this step, pre-standardize

the level for pipette tips so that the required volume can be
drawn from the wells without disturbing the debris at the
bottom.

Isopropanol is found to be more efficient for precipitation of
high molecular weight DNA. Compared to ethanol, less vol-
ume of isopropanol is required for DNA precipitation. It also
separates the polysaccharides. In case of samples with low DNA
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yield, an overnight incubation after addition of isopropanol
helps in increasing the yield. For saving time, DNA precipita-
tion can also be done at —80 °C with 1-h incubation.

Make sure that no trace amount of ethanol is left since ethanol
can inhibit downstream reactions like PCR. Avoid overdrying
of the DNA pellet. Slow drying of DNA pellets can be done at
room temperature too.

Supplementing TE buffer with 3.2 pg/mL RNase increases
the storage life of DNA.

Spectrophotometric measurement can be done using a
Nanodrop spectrophotometer with 1 pL of the sample. It is
essential to ascertain that the isolated DNA is free of major
contaminants such as polysaccharides, polyphenols, and
RNA. This can be judged by clear color, A,4y/Asso ratio (1.8—
2.0), and Ajs0/Azz0 ratio (>1.5).
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Cereal Genomics Databases and Plant Genetic Resources
in Crop Improvement

Robert J. Henry

Abstract

Cereal improvement is based upon effective utilization of genetic resources. These include germplasm and
genomics data and tools. Cereal germplasm is available from major global seed banks. Wild material
remains an additional less well utilized resource. Sourcing of germplasm requires protocols to ensure intel-
lectual property matters are adequately addressed. Advances in genomics technology have made extensive
data set available for the cereals. Reference genome sequences, transcriptome resources, and pan genomes
are now available for the major cereal species. The use of genomic data is facilitated by the addition of
user-friendly interfaces that allow breeders to access the information they need.

Key words DNA sequences, Germplasm, Seed banks, Gene banks

1 Introduction

Rapid advances in DNA sequencing technology have enabled an
explosion of genomic data on all organisms including cereals [1].
This has created a need for improved approaches to the storage of
data and the development of tools for data access and analysis.
Genetic resource collections have a continuing need to ensure that
their limited resources are used effectively to conserve the diversity
of cereal species and make them readily available to support cereal
genetic improvement. Genomics can provide tools for better char-
acterization of germplasm and may facilitate access to appropriate
genetic resources. However, this requires systems to allow acces-
sions in gene banks to be easily linked to genomic data and the
resources to collect that data.

2 Materials

Genetic resource material is usually obtained under a Material
Transfer Agreement (MTA) for exchange of genetic material or

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
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associated data (see Note 1). It may also be necessary to obtain a
permit to collect material in the wild. This will vary depending
upon local laws and the exact site of collection. For example, mate-
rial collected on private land may have a different status to that
obtained in a protected area such as a national park.

3 Methods

3.1 Addressing IP
Issues

3.2

3.3

3.4

3.5

3.6

CBD

FAO Treaty

Nagoya Protocol

Local Laws

PBR (UPOV)

Methods for accessing plant genetic resources and data are
described below. Access to germplasm is governed by complex
arrangements that depend upon the laws of the countries involved
and international treaties and agreements as ratified.

For plant genetic resources the first step toward access is to ensure
all intellectual property issues are addressed. The Access and
Benefit Sharing Clearinghouse (http://absch.cbd.int) provides
information on how to obtain permission to access plant genetic
resources at the country level. A standard material transfer agree-
ment should be used (se¢ Note 1).

One or more of the following agreements or laws may control
access.

The Convention on Biological Diversity (CBD) dates from 1993.
This international agreement empowers countries to create laws to
control ownership of their biological resources.

The International Treaty on Plant Genetic Resources for Food and
Agriculture (FAO Treaty) controls access to 65 major crops with mul-
tilateral benefit sharing mechanisms (http://www.fao.org/plant-
treaty/en/) and entered into force in 2004. The major cereal crops
are listed under the FAO treaty but many minor crops are not. For the
cereals, Hordeum, Oryza, Pennisetum, Secale, Sorghum, Triticosecale,
Triticum, and Zea are included but other related genera are not.

The Nagoya Protocol on Access and to Genetic Resources and the
Fair and Equitable Sharing of Benefits Arising from their Utilization
or Nagoya Protocol (NP) came into effect in 2014 with ratification
by the required number of countries. The NP requires countries to
establish local laws to ensure appropriate access and benefit sharing.

Local laws control ownership and access in specific cases. In federa-
tions these may be at the state rather than national level. For exam-
ple, in Australia, some states have laws that control access to
biological resources within that state.

Plant Breeders Rights (PBR) provides for the protection of intel-
lectual properties rights of plant breeders and vary with country
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but are respected internationally through the International Union
for the Protection of New Varieties of Plants (UPOV). Access to
protected genotypes for commercial uses may require an agree-
ment with the owner of the PBR.

In some cases plants or plant genes may be protected by traditional
patents. This will depend very much on the specific geographical
location of the use including use of the products derived from the
plants. Cereals produced for export of grain to another country
may also need to be compliant with rights in the country of
destination.

Genetic resources for cereals may be found in gene banks or seed
banks, in wild populations, or in cultivation in fields cultivated by
farmers. These diverse sources are all important for accessing dif-
ferent types of diversity.

Very large numbers of accessions are available for the key crop spe-
cies (Table 1). Resources in seed banks can generally be obtained
using a Standard Material Transfer Agreement (SMTA) (see
Note 1) as defined under the FAO treaty. Many of these seed
banks contain accessions that have been sourced from other collec-
tions so the total number of unique accessions available is difficult
to determine.

Wild resources may represent a more diverse set of traits than that
casily obtained for a seed bank. These are more difficult to access
but may provide novel genetic variation. Genetic resources in wild
populations can be utilized by following the guidelines above to
obtain access. Specific permits to collect for either research or
commercial purposes may be required by local authorities. It may
be useful to obtain accessions collected from these populations in
established gene banks. This avoids the significant cost of field
collection and may also simplify management of IP issues.

Table 1
Cereal collections available from gene banks [2]

Species Common name Number of accessions
Triticum aestivum Wheat 856,168
Oryza sativa Rice 773,948
Hordenm vulgare Barley 466,531
Zew mays Maize 327,932
Sorghum bicolor Sorghum 235,688

Avena sativa Oat 130,653
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Table 2

Cereal genomics resources

Species Common name Reference Databases
Triticum Wheat International Wheat Genome Sequencing

aestivum Consortium [ 3]
Oryza sativa Rice 3010 diverse cultivated rice [4]

13 Oryza species [5]

Hovrdeum Barley [6]

vulgare
Zen mays Maize [7]
Sorghum bicolor Sorghum [8]

3.11 Resources
in Cultivation

3.12 Sequence
Databases

3.13 Short Read
Databases

3.14 Pan Genome
Resources

Farmers’ fields and commercial seed and breeding collections also
represent an important source of germplasm. Access to these
resources requires specific arrangements with the owners of the
seed.

The Genebank sequence database includes extensive publically
available sequence data. These databases also allow comparison of
cereal gene sequences with those of other organisms. Reference
genome sequences are available for major species (Table 2). These
reference sequences have been progressively updated as sequenc-
ing technology has improved. Analysis of diversity within species is
provided by data on sequence variation for specific genotypes. This
is often referred to as re-sequencing data. Transcriptome sequence
databases provide a resource for use in analysis of gene expression
in specific tissues at particular developmental stages or in specific
genotypes. The concept of the pan genome has emerged as a way
of considering all of the variation in the genome of a species allow-
ing for assessment of the extent to which some genes may be pres-
ent or absent in different genotypes. Data may be represented as
the invariant part of the genome (present in all genotypes) and the
variable part (present or absent in different genotypes).

Genome sequences generate large quantities of short DNA
sequences. Databases to store this are a source of this short read
data. A Sequence Read Archive (SRA) also known as the short read
archive was established by the International Nucleotide Sequence
Database Collaboration (INSDC) and stores this data for public use.

Pan genomes are available for cereal species [9]. This extends the
data available for high-quality reference genomes to provide
information on the components of the genome that vary between
genotypes within the species. For example, in rice (Oryza sativa),
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analysis of more than 1400 genotypes revealed more than 8000
genes that were not present in the reference genome based upon
the cultivar, Nipponbare [10].

Data on plant phenotypes is available in a range of databases. These
are usually species specific. The great diversity of phenotypes that
may be of interest to users especially plant breeders makes this an
important area for innovation in automation of data capture.

1. Wheat: A reference genome for hexaploid wheat [11] is avail-
able as are reference genomes for the diploid progenitor spe-
cies [12]. A fully annotated high-quality genome of wheat
cultivar Chinese Spring with 107,891 genes has been produced
by the International Wheat Genome Sequencing Consortium
(2018). The International Wheat Genome Sequencing
Consortium has also established an online resource (https://
wheat-urgi.versailles.inra.fr /Seq-Repository) for access to
wheat genome resources [ 13].

Transcriptomic data from diverse wheat genotypes has been
reported for the developing grain [14]. This allows analysis of
genes that influence wheat functional and nutritional quality.

2. Rice: Rice genomic resources include high-quality reference
genomes for the Oryza species [5] and re-sequencing data for
many domesticated varieties and wild accessions. Extensive
data on the rice transcriptome is also available.

The Rice Genome Annotation project (http://rice.plant-
biology.msu.edu/) provides an annotated genome sequence
of each of the 12 rice chromosomes for the reference geno-
type, Nipponbare [15]. Extensive transcriptome data is also
available from this site.

A rice pan genome is available that incorporates data from
a large number of genotypes [16].

Oryzabase (https://shigen.nig.ac.jp/rice /oryzabase/) is
a database for genetic and phenotypic data on rice.

3. Maize: The maize genome has been extensively studied and
extensive resources are available. The pan genome concept has
been important in understanding the variation in the genomes
of maize genotypes.

4. Barley: Barley genome sequences have been reported for wild
and domesticated genotypes. A high-quality reference genome
is available for barley cultivar Morex [6].

5. Sorghum: The reference sorghum genome is complemented
by data on other genotypes.
The reference genome has been updated several times [8].
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QTLs are available in an atlas (https://aussorgm.org.au/)
that provides a key resource for linking the sorghum genome
with traits for plant breeding.

6. Oat: A transcriptome resource has been produced for oat [17]
and reference genomes are being developed.

4

Note

1. Use of material requires a Standard Material Transfer
Agreement between those providing and receiving material
under the Multilateral System. This agreement may not be var-
ied or abbreviated in any way. It only requires the details of the
parties to be added to the template agreement.
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Integrated Genomic Strategies for Cereal Genetic
Enhancement: Combining QTL and Association Mapping

Anurag Daware, Swarup K. Parida, and Akhilesh K. Tyagi

Abstract

Identification of genetic basis for important agronomic traits is essential for marker-assisted crop improve-
ment. Linkage mapping is one of the most popular approaches utilized for identification of major quantita-
tive trait loci (QTLs) governing important agronomic traits in cereals. However, the identified QTLs
usually span large genomic intervals and very few of these are subsequently fine mapped to single major
effect gene. This hinders application of these QTLs in marker-aided breeding and crop genetic enhance-
ment. On the contrary, association mapping, another popular approach for identification of QTLs, pro-
vides very high resolution but suffers from high level of false positives. Joint linkage-association analysis
provides a way to combine advantages and avoid the pitfalls associated with both these methods. In this
context, we recently developed MetaQTL specific regional association analysis and demonstrated its utility
to rapidly narrow down previously identified QTL intervals to few candidate genes. Here, we describe the
detailed step-by-step guide for performing MetaQTL specific regional association analysis to identify
important genomic regions and underlying potential major effect genes governing traits of agronomic
importance in cereals.

Key words Association mapping, Fine mapping, Linkage mapping, MetaQTL, QTL

1 Introduction

Developing crop varieties with higher yield, superior nutritional
composition and with ability to withstand a diverse range of
biotic and abiotic stresses are pivotal for the sustenance of rap-
idly growing human population [1, 2]. Conventional plant
breeding has provided a means to develop such superior crop
varieties for decades. However, with high cost and time associ-
ated with conventional plant breeding, it is unlikely to fulfill the
unprecedented need for superior crop varieties especially in con-
text of rapidly changing climatic scenarios [3]. Understanding
the genetic and molecular basis of important agronomic and
quality traits provides opportunity to employ marker-assisted
selection to speed up the breeding program in a cost-effective
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manner [4, 5]. Linkage mapping using biparental or multiparen-
tal mapping populations is one of the most utilized and powerful
methods to identify genomic regions regulating important agro-
nomic traits in cereals [6]. So far, hundreds of QTLs (quantita-
tive traitloci) have been identified in almost all major economically
important food crops for several agronomically useful traits [7-
9]. However, these identified QTLs usually span long genomic
intervals, harboring hundreds/thousands of genes. Till now,
very few of these QTLs could be narrowed-down to single major
etfect gene(s), as fine mapping requires genotyping of hundreds
to thousands of mapping individuals and therefore requires sig-
nificant cost, time and labor. This has seriously limited the utility
of these QTLs for marker-assisted genetic improvement of cere-
als [10]. Apart from linkage mapping, a NGS based version of
bulk segregant analysis, popularly known as QTLseq approach,
has been recently developed. QTLseq due to its rapid nature is
becoming increasingly popular and has been successfully
employed for major QTL identification in a wide range of crops
in last few years [11-13]. However, similar to conventional link-
age mapping, the QTLs identified using QTLseq also need to be
fine mapped to one or few candidate gene(s) for their efficient
utilization in marker-assisted breeding for crop genetic
enhancement.

Genome-wide association study (GWAS) is another popular
approach for identification of genomic loci (QTLs) which on con-
trary to linkage mapping provides much higher resolution (smaller
QTL intervals with comparatively fewer candidate genes) and
requires lesser time (as it eliminates the need for generation of
experimental mapping populations) [14-16]. Despite these advan-
tages, QTLs identified with GWAS are seldom suitable for marker-
assisted selection, except in cases where the underlying causal
gene/polymorphism has been successfully identified. Apart from
this, association mapping also suffers from very high level of false
positives majorly due to presence of population structure and cryp-
tic relatedness among accessions (association panel) used for asso-
ciation mapping [17, 18]. These disadvantages associated with
association mapping limit its practical applicability in crop improve-
ment endeavors.

Despite their respective limitations, combined use of these two
methods provides unique opportunity to bring together advan-
tages associated with both linkage mapping (low false positives and
high power of QTL detection) and association mapping (high
mapping resolution). This can enable us to identify and narrow
down authentic genomic regions governing important agronomic
traits and which further can be narrowed down to single major
effect gene using diverse strategies. Considering this, joint linkage-
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Fig. 1 Schematic diagram depicting metaQTL region specific association analysis to narrow down long inter-
vals of known QTLs to short QTL genomic region(s) with few candidate genes governing traits of agronomic
importance. (a) QTLs detected with linkage mapping and QTLseq analysis, (b) meta-analysis of known QTLs
to detect metaQTL, (e) regional association analysis and haplotype block analysis of metaQTL, (d) reduced
metaQTL interval harboring only few candidate genes

association analysis and/or QTL region-specific association analy-
sis have been developed and have been successtully employed in
different cereals [19, 20]. Recently, we developed a strategy called
“meta-QTL region specific regional association analysis” which
combines meta-QTL analysis and regional association mapping
[21] (Fig. 1). We also demonstrated its utility to efficiently scale
down previously known grain size /weight QTL intervals to one or
few genes in rice [21]. In contrary to original identified QTLs,
new reduced QTL intervals or genes can be efficiently utilized in
marker-assisted selection for rice crop improvement. Here, we pro-
vide in depth details of approach called “meta-QTL region specific
regional association analysis” which we have used to identify and
narrow-down metaQTL regions associated with grain size in rice.
This optimized strategy can be used for further narrowing-down
the long interval QTLs into either short QTL genomic regions or
specific gene(s) governing yield and a/biotic stress tolerance traits,
thus has broader practical applications for marker-aided genetic
improvement of cereals.
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2 Materials

. System requirement: Unix/Linux operating system with Java

installed.

. R packages: MASS, multtest, genetics, compiler, scatterplot3d,

gplots, and GAPIT.

. Software packages: BioMercator, HapQTL, and Haploview.
. Dataset: QTLs and SNPs for multiple accessions of cereals.

3 Methods

3.1 Selection Selection of suitable QTLs for meta-analysis is one of the first and

of Authentic QTLs most crucial steps for success of meta-QTL specific regional asso-

for Meta-analysis ciation analysis. Generally, all the QTLs reported for the trait of
interest are identified through extensive literature survey. However,
it is important to have few considerations in mind while selecting
QTLs for meta-analysis (see Notes 1-7). The general steps for
selection of QTLs are as follows:

1.

Conduct comprehensive literature survey and compile all the
available QTL information for the trait of interest (yield, qual-
ity, biotic and abiotic stress, etc.). This can be best performed
by retrieving relevant publications using NCBI’s PubMed
search engine (https://www.ncbi.nlm.nih.gov/pubmed/)
and subsequently compiling QTL information such as flanking
markers, PVE (phenotypic variation explained) and LOD (log-
arithm of odds) score in tabular format (see Note 1). QTL
information databases like Gramene (http://archive.gramene.
org/qtl/), QTARO (http://qtaro.abr.affrc.go.jp/), and
CSGRqtl (http://helos.pgml.uga.edu/qtl/) can also be uti-
lized to rapidly retrieve QTL information of multiple cereals.

. Extract physical coordinates of all the QTLs by performing

BLAST using the primer sequences of flanking markers (both
left and right markers associated with QTLs) against the latest
version of reference genome of cereal available.

. Filter compiled QTL information based on variety of criteria

including PVE, LOD, and length of QTL interval and elimi-
nate all QTLs which do not fulfill the set criteria (see Notes
2-6).

. Eliminate any QTL for which either physical coordinates can-

not be determined with confidence or they have an interval
longer than the threshold (see Note 7).

3.2 Meta-analysis After selection of suitable QTLs, the next step is to perform meta-
of Selected QTLs analysis to identify genomic regions repeatedly identified in inde-
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pendent QTL mapping studies. This provides us with authentic
genomic regions associated with the trait of interest. All the selected
QTLs in the previous step can be further subjected to meta-analysis
to identify meta-QTLs associated with the trait of interest.
Meta-analysis can be performed using BioMercator (Version 4.1)
software with the following simple steps:

1. Download and open Biomercator software using the following
link. (http://moulon.inra.fr/index.php/fr/component/doc-
man/cat_view/21-logiciels/101-abi-project-
and-software /104-biomercator-v21).

2. Create new project: File - Genetic data loading — new proj-
ect — project name.

3. Choose newly created project: File — Genetic data load-
ing — project name.

4. Load map file: File — Genetic data loading — project
name — Load Map.txt file (see Note 8).

5. Load QTL file: File — Genetic data loading — project
name — Load QTL.txt file (refer Notes for creation of QTL
file).

6. Perform MetaQTL analysis (multi steps process): (a)
Analyses —» QTL Meta analyses - MetaQTLMeta analysis Y5,
(b) Analyses — QTL Meta analyses —» MetaQTLMeta analysis
Y5 — select desired map — select desired LG — select desired
Chromosome — regroup the traits into a single meta
trait — launch analysis, and (c) Analyses —» QTL Meta analy-
ses — MetaQTLMeta analysis 2/2 — select project — select
map — select chromosome — select linkage group — select
meta-analysis name given in previous step — select meta trait
name given in previous step — provide number of metaQTLs
for the model as suggested by model.txt.

7. Extract metaQTL intervals from _tables.txt file.

8. Screen all the identified metaQTLs for the presence of known
genes related to the trait of interest within their confidence
interval and eliminate all metaQTLs harboring any known
gene regulating the trait of interest. The remaining metaQTL
intervals can be used for further analysis.

After identification of metaQTL regions, the regional association
analysis of each identified metaQTLs is conducted to further nar-
row down the metaQTL intervals. To conduct association analysis,
we require sequence variation data for hundreds of diverse natural
germplasm accessions with sufficient phenotypic diversity for trait
of our interest. For many crops including rice, maize, and soybean,
the genome-wide sequence variation data has been made publicly
available in the interest of global research community and can be


http://moulon.inra.fr/index.php/fr/component/docman/cat_view/21-logiciels/101-abi-project-and-software/104-biomercator-v21
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directly retrieved and used for GWAS. However, for crops for
which sequence variation data is not available yet, the metaQTL
regions can be genotyped in a set of diverse natural germplasm
accessions using various targeted genotyping assays. Regional asso-
ciation analysis can be performed using commonly adopted single
SNP based methods widely used for GWAS in cereals. However, in
addition to single SNP based methods, haplotype-based methods
can also be used to perform association analysis, as they can account
for locus as well as allelic heterogeneity and therefore can detect
many novel associations which are usually missed with single SNP-
based association analysis.

3.3.1 Regional 1. Retrieve sequence variation data for diverse natural accessions
Association Analysis phenotyped for the trait of interest (if publicly available) or

perform genotyping of known markers (SNPs/INDELs/
SSRs) which are present within metaQTL regions, in diverse
natural accessions phenotyped for the trait of interest.

2. Filter the genotype data for missingness and eliminate all acces-
sions or site showing high degree of missingness.

3. Perform regional association analysis by using filtered geno-
type data using appropriate method.

3.3.2  Association Single SNP based association can be performed using Compressed
Analysis Using GAPIT Mixed Linear Model (Compressed MLM) implemented in

Genome Wide Association and Prediction Tool (GAPIT). Running

GAPIT requires R to be installed on your computer. The following
code can be used to install and run GAPIT.

#Install packages (Required for new installation only)

source ("http://www.bioconductor.org/biocLite.R")

biocLite ("multtest")

install.packages ("gplots")

install.packages ("scatterplot3d") #The downloaded link at:
http://cran.r-project.org/package=scatterplot3d

Step 0: Import library and GAPIT functions (run this section
every time you run GAPIT)

S
library ("MASS'")

library (multtest)

library (gplots)

library (compiler)

library("scatterplot3d™)

source ("http://www.zzlab.net/GAPIT/emma.txt")

source ("http://www.zzlab.net/GAPIT/gapit functions.txt")
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#source ("/Users/zhiwu/Dropbox/Current/revolutionr/gapit/gapit
functions.txt")
S

# Save genotype and phenotype files (refer GAPIT tutorial data)
in myDATA directory

setwd (" /myDATA")

#Running Compressed MLM [22]

#Step 1: Import genotype and phenotype files

myY<- read.table ("phenotypes.txt", head = TRUE)
myG<- read.delim("genotype.hmp.txt", head = FALSE)
#Step 2: Run GAPIT

myDATA<- GAPIT (

Y=myY,

G=myG,

PCA.total=3)

e The results can be accessed from .GWAS.Results.csv file gener-
ated in working directory.

*  All SNDPs with FDR adjusted P-values less than 0.05 are con-
sidered to be significantly associated with the studied trait.

*  Conduct haplotype block analysis using haploview software
(https:/ /www.broadinstitute.org,/haploview /tutorial ) to
determine genomic region (QTL interval) represented by the
most significant SNP.

3.3.3 Haplotype-Based Although single SNP-based association analyses are useful for

Association Analysis identifying common variants, they often fail to detect rare variants
associated with the trait of interest. Haplotype-based or multi-
SNP-based association methods can be used to overcome above
mentioned bottleneck as they can account for allelic heterogeneity
(different mutations within same gene causing same phenotype) as
well as locus heterogeneity (mutations in two different genes caus-
ing same phenotype) [23-25]. HapQTL software implements a
novel hidden Markov model method for calculating local haplo-
type sharing defined as the probability of two diploid individuals
descending from the same ancestral haplotypes or genetic similar-
ity between individuals. Further it tests association between genetic
similarity and phenotype to detect association between the local
haplotype and a phenotype. Association analysis in hapQTL can be
performed using the following steps:

1. Create and save all input files (genotype file, SN position file,
phenotype file, and covariate file) as per format detailed in the
hapQTL manual.

2. The following command line can then be used to run hapQTL


https://www.broadinstitute.org/haploview/tutorial
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/hapqtl -g genotype_file.txt -pos SNP_position.txt -w 30
-C 3 -¢ 10 -mg 200 -exclude-maf 0.01 --exclude-nopos -sem 1
—pkl -o pref -FILE pheno.txt -DOC cov.txt (details about the
EM parameters can be referred from the hapQTL manual).

3. The above command will generate four output files: prefix.log
(contains details of parameters used during the run), prefix.
snpinfo.txt (contains information on SNP position and allele
frequencies), prefix.bf.txt (Bayes factor file contains Bayes fac-
tor and p-value for haplotype and single SNP), and prefix.pkl.
txt file (LHS matrix file).

4. The prefix.pkl.txt file can be used to calculate mLHS using the
following R code.

S i i kA
ns=412; ## note this is total number of snps in the region.
s=226; ##note this is the top-hit (can be obtained from prefix.
bf.txt)

bb=rep (0, ns) ;

for (try in c(1:10)) {

fn=paste ('output/region.ra.chrl1-120-eml1-C2-c10-w30-s0-mgl00-
missbSpc-3snp.try',try, '.pkl.txt', sep=");

xx=scan (fn) ;

dim(xx)=c(10,ns,4476) ##note here 4476 is number of individu-
als, and 10 is number of lower-layer clusters.

yy=xxl[,s,]

aa=rep(0,ns);for(i in c(l:ns)) {zz=yy*xx[,1,];vz=apply(zz,2,sum);
aalil=mean(vz);}

bb=bb+aa; }

bb=bb/10;

write (bb, "lhs.txt",1);

E Rk
##1lhs.txt contains the pair-wise lhs between the top-hit mark-
ers and the rest.

##hap.txt contains the most-significant ancestral haplotypes,
which can be obtained from pref.em.txt

##snpinfo.txt contains snp position info.
lhs=scan('lhs.txt");

hap=read.table('hap.txt"');

snp=read.table ("output/region.ra.chrll-120-eml1-C2-c10-w30-s0-
mgl00-missbpc-3snp.try9.snpinfo.txt", 1);
vgray=colors () [grep ("gray",colors())]1[10:109];

par (mfrow=c(1,1));

par (mar=c(4,4,2,2));

pdf ('ra-chrll-120.pdf', width=12, height=8);
ss=c(l:length(lhs)) [1hs>0.7]



plot (snp$pos/leob,
120.5), ylim=c(0,0.6), col="darkgray",
x1lab="Chromosome 11

x1lim=c (119.9,
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lhs/4, type="b", lwd=1.5, cex=0.6,pch="x",

(Mb) ", ylab="mLHS", cex.lab=1.2)

mp=which (lhs==max (1lhs)) ;
points (snpS$pos[mp]l/le6, lhs[mpl/4, cex=1, pch="+",col=1l);
points (snp$Spos[ss]/le6, rep(c(0.10), length(ss)), col=vgray[ (1-

hap[,1]1)=%90+11],

cex=1, pch=19)

points (snpS$pos[ss]/le6, rep(c(0.12), length(ss)), col=vgrayl[ (1-

hap([,2]1)%90+1],
segments (120.036,

text (120.4, O.

dev.off ()

cex=1, pch=19)

0.05, 120.362, 0.05, 1lwd=2)
text (120.21, 0.035,
"RA", cex=1.2);

"GRIK4A", cex=1.2)

###The haplotype block detected by calculating mLHS around the
most significant SNP can be considered as QTL.

3.4 Candidate Gene
Identification
Within QTL Interval

Once the QTL region is narrowed down after regional association
analysis, the underlying major effect genes can be identified by
applying a diverse range of strategies some of which are as
follows:

1.

The putative functions of the candidate genes within reduced
metaQTL interval can be identified with similarity search
against protein sequences of closely related species/model
plants.

. Search for any major effect variants present within reduced

metaQTL interval as gene harboring such variants are likely to
be the major effect genes.

. In silico expression analysis can also be performed to check

expression profiles of all genes within reduced metaQTL inter-
vals. This can provide important information about the prob-
able function of the genes.

4 Notes

. The study reporting QTLs must have a published record in

peer-reviewed journal of national or international repute.

. The study should be based on sequence-based markers and the

primer sequences of markers used for the QTL identification
must be available as a part of publication or in some other pub-
licly available open access database.

. The QTL mapping results must be based on multiyear/multi-

location field phenotyping data for the trait of interest.

. Based on the goal of the study, suitable PVE (phenotypic varia-

tion explained) threshold can be set. For example, for identifi-
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cation/narrow down of major QTLs, PVE threshold of >10%
can be used.

. Similar to PVE, suitable LOD (logarithm of odds) threshold

can also be set to select QTLs.

. The primer sequences for left and right flanking marker associ-

ated with QTLs should map uniquely on same chromosome of
reference genome so as to extract physical coordinates for the
QTL interval.

. The length of QTLs as derived from their physical coordinates

must not exceed 1/5th of average chromosome length for a
concerned crop.

. The map file for metaQTL analysis can be created with evenly

distributed dummy markers. The format for map.txt file can be

referred from the BioMercator’s user manual.
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Sequencing and Assembling Genomes and Chromosomes
of Cereal Crops

Marcelo Helguera

Abstract

Next generation sequencing (NGS) and assembly are key pieces in the success of cereal crops genomes
sequencing. One interesting strategy for reducing the complexity in large genomes, the case of several
cereal crops, is the sequencing of individual chromosomes. This has been done with success by flow cyto-
metric chromosome sorting followed by sequencing using available next generation (high throughput)
sequencing platforms. In this chapter, methodologies for sequencing and assembly of flow sorted chromo-
somes and whole genomes in cereal crops, with special emphasis on the case of the International Wheat
Genome Sequencing Consortium (IWGSC), are reviewed.

Key words Cereal crops, Chromosome and genome sequencing, Assembling

1 Introduction

Next generation sequencing (NGS) is a key piece in the success of
large plant genomes sequencing, but not the only one. With an
haploid content of 16 gigabases (Gb) [1] the bread wheat ( T7iticum
aestivum L, 2N = 6x = 42 subgenomes AABBDD) genome full
annotation was conceived by sequencing of individual chromo-
somes as strategy to reduce genome complexity taking advantage
of the flow cytometric chromosome sorting [2]. Flow cytometry is
designed to analyze microscopic particles during a passage in a nar-
row stream of liquid based on optical properties (light scatter, fluo-
rescence). Flow cytometry has been used successfully to analyze
and sort metaphase chromosome from nuclear genomes of human,
animals and plants [3]. In the case of bread wheat obtaining a full
annotation of the gigant genome involved the organization of an
international team, the International Wheat Genome Sequencing
Consortium (IWGSC), and the coordinated work for more than
12 years of research groups from different part of the world. The
first gold-standard wheat genome sequence release publication
included the contribution of 73 research groups covering

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
https://doi.org/10.1007/978-1-4939-9865-4_4, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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whole-genome sequencing and assembly; gene and transposable
elements annotation and curation; transcriptome analyses;
microRNA and tRNA annotation; genetic maps and mapping;
chromosome sorting and BAC libraries; individual chromosome
BAC sequencing and assemblies, among other analyses [4]. In this
study, with an estimated coverage of 94%, 107,891 high-confi-
dence gene models were annotated resolving issues like the inter-
genic space and presenting the genome in the correct physical
order [4]. The freely available wheat genome reference sequence
IWGSC RefSeq v1.0 is a disruptive tool for wheat breeding in
terms of accelerating QTL mapping and gene discovery through
the physical anchoring of genetic maps and a first survey of anno-
tated candidate genes. Examples of QTL mapping/validation
studies anchoring genetic data to the IWGSC RefSeq v1.0, and
eventually a preliminar list of candidate genes, can be found for
different traits including, disease resistance [5-101], adaptation and
yield components [11-13], and food and nutrition quality [14-
16], among others.

Moreover, single chromosome survey sequencing is a powerful
tool for gene discovery in particular cases of unsequenced specific
cultivars [17, 18], presence of wheat-wild relatives chromosome
translocations, and for plant/crop models where a reference com-
plete genome sequence is still unavailable, like rye (Secale cereale)
and oat (Avena sativa) within the Poaceae Family.

In this chapter, methodologies for sequencing and assembly of
single chromosomes and whole genomes in cereal crops are
reviewed.

2 Methodologies for Chromosome Sorting and DNA Amplification

The first step for NGS is to increase DNA content of target chro-
mosomes, which can be achieved successtully through chromo-
some sorting by flow cytometry and DNA amplification by multiple
displacement amplification (MDA) [19-24]. In this approach a
relatively low number of chromosomes (between 10,000 and
160,000 chromosome or chromosome arms) is isolated by flow
cytometry to be later amplified by MDA. A typical MDA reaction
yields 3—6 micrograms of DNA with average length between 5 and
30 kb [25], which is suitable for applications such as RFLP, SNPs
genotyping, physical mapping [25-27] and more recently, single
chromosome survey sequencing [19-24]. Additional methods for
chromosome sorting have been described including microdissec-
tion [28] and isolation of mitotic chromosomes in suspension by
capture on magnetic beads following hybridization with a labeled
chromosome-specific probe [29]. However, in comparison with
flow cytometry, previously mentioned methods undergo some
limitations, as being highly labor intensive or sutfering low purity
in isolated fractions [ 3, 30].
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3 Methodologies for NGS

Two of the most widely used NGS platforms are 454 Roche and
Illumina. Illumina delivers short reads of 36 base pairs (bp) in
size at low cost, estimated in $29 /Gb based on the Hi Seq 2500
HT v4 platform [31, 32]. 454 Roche platform delivers longer
reads of up to 1 kilobase (kb) in size, but at a much higher cost
per base, estimated in $8000/Gb based on GS FLX+ platform
[33]. Additional short read NGS platforms available at the mar-
ket are Ion Torrent (Thermo Fisher) delivering 200 bp reads at
the cost of $100,/Gb based on Ion Proton platform [ 34, 35] and
SOLID (Thermo Fisher) delivering 2x 50 bp reads at the com-
petitive cost of $17/Gb based on SOLiD 5500x! Wildfire plat-
form [36]. There is also a second group of NGS platforms
delivering much longer reads and includes PacBio and Oxford
Nanopore, among others. PacBio (Pacific Biosciences), delivers
reads with an average length above 10 kb at the cost of $85/Gb
based on Sequel platform [37, 38], and the Oxford Nanopore
sequencer delivers very long reads of up to 2 megabases (Mb) in
size at the competitive cost of $15.75/Gb based on MinION
Mk 1B sequencer [39]. The case of MinION sequencer is inter-
esting because with an equipment weight of 87 g, and a power
requirement of one USB3 port it can be used to process samples
in the field. Table 1 describes technical specifications of NGS
platforms referred before.

In general terms, long read sequencing is seen as a powerful
tool to deliver long-range genomic information and, in this way,
spam repetitive regions which are difficult to rebuild using short
reads data. Besides these advantages, long read sequencing
adoption was initially hampered by low throughput and rela-
tively high error rates estimated in 5-10% for Oxford technolo-
gies and 14% for PacBio vs. 0.1-1% for leading short reads
platforms [38, 39]. Recent advances in long reads associated
technologies have reduced the high error rate issue, including
hybrid assembly methods using Illumina reads to correct error
like NanoCorr [40], Pilon [41] and Nanopolish [42] among
others. Another interesting tool to improve whole genome
assemblies is optical mapping, a light microscope-based tech-
nique that uses restriction site images to produce high defini-
tion fingerprints of DNA sequences [43]. Optical mapping
offers the ability to assay long DNA molecules (20 kb to 3 Mb
depending to the technology) leading to the identification of
frequent missassemblies in large genomes such as false joins,
inversions, and translocations by the comparison of consensus
optical maps with the assembly [44]. Optical mapping has been
used in the building cereal crops genome assemblies including
Sorghum bicolor [45], Zea mays [46] and Hordeum vulgare [47
among others.
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Table 1

Comparison of NGS platforms specifications?

lllumina SOLiD

Hi Seq 2500 HT  Roche 454 lon Proton 5500 PacBio  MinlON

v4 GS FLX Pl Wildfire Sequel Mk 1B®
Total output 1Tb 700 Mb 10 Gb 120 Gb 10 Gb 30 Gb
Run time 6 days 23 h 2—4h 10 days 4h 2 days
Read length 2 x 125 bp Upto1kb Up to 2 x 50 bp 10-15 kb Up to

200 bp 2 Mb
# of single reads 4000 M 1M Upto82M 1200 M 0.5M 512
Instrument $740,000 ~$500,000 $150,000 $420,000 $350,000 —
price®

Run price® ~$2900 ~$6000 $1000 $2050 $850 $475
$,/Gbe $29 ~$8000 $100 $17 $85 $15.75

*Information based on http://allseq.com/kb-category/sequencing-platforms/, with modifications
*Instrument price, Run price and $,/Gb are in US$ dollars, April 22 2019
‘Information based on https://nanoporetech.com/products/comparison

4 Chromosome and Genome Sequencing and Assembly, Cases Studies in Cereal

Crops

The wheat whole genome survey sequencing (incomplete sequence
coverage) based on single chromosome arms isolation, sequencing
and assembly was first published in 2014 [48]. In this approach
single chromosome arms were purified by flow-cytometric sorting
as previously described (see item 2 in this chapter) and sequenced
with an [llumina HiSeq 2000 platform to a depth of 30 to 241x
using paired-end (PE) sequence libraries with 500 bp target size.
In this case PE sequence reads were assembled with the short-reads
assembly tool ABySS [49]. ABySS as other de Bruijn graph assem-
blers are much more efficient in assemblying short reads (less than
50 bp) typical of Illumina, Ion Torrent and SOLid Platforms, than
reads produced by Roche 454 technology (>100 bp) and long
reads (more than 10 kb) generated by PacBio and Oxford Nanopore
platforms [50]. Additional assemblers using the de Bruijn graph
algorithm are Velvet [51] and SOAPdenovo [52], among others.
Roche 454 is a particular case, delivering slightly larger reads
(100-500 bp) than Illumina, the company developed a non- de
Bruijn custom-made assembler named Newbler [53].

Taking as example 4D chromosome, cumulative data of contig
assemblies obtained with Illumina [48] showed slightly better
numbers than Roche 454 technology [19]: contig sizes of 142.1
and 347.6 Mb for chromosome arms 4DS and 4DL with N50
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values of 3278 and 1013 bp, respectively (N50 is the smallest con-
tig size required to cover 50% of the assembly) obtained using the
Illumina platform were higher than contig sizes of 103 and 120 Mb
for chromosome arms 4DS and 4DL (N50 values of 1132 and
807 bp, respectively) obtained with 454 technology. A possible
explanation for the better performance of Illumina vs. 454 tech-
nology assemblies can be traced to differences in the depth of
sequencing coverage, with values of 30 to 241x in the case of
Illumina vs. 7.2x and 4.1x for short and long 4D chromosome
arms in the case of 454 technology. Higher sequencing redun-
dancy values in 454 sequencing will probably provide better contig
coverage and N50 values. Examples of single chromosome survey
sequencing based on 454 technology are chromosome arms 5AS
2.44x and N50 = 803 bp, 5AL 2.35x and N50 = 798 bp [20], 6BS
11.9x and N50 = 1107 bp, 6BL 11.1x and N50 = 2675 bp [22]
among others, ensambled with different newbler versions (see
Table 2). Examples based on Illumina platform are chromosome
arms 7BS 21x and N50 =472 [24], 7DS 34x and N50 = 1159 bp
[23] and T dicoccoides chromosomes, with 39-58x coverage and
N50 = 1092-4938 bp [54] ensambled with de Bruijn based assem-
blers ABySS and Velvet (Table 2). Interestingly, when considering
gene content, the information obtained with Roche 454 data [19]
and Illumina [48] showed 21-28% of 454-specific loci and 20-35%
Illumina-specific loci. As previously expressed [19] these data sug-
gest a complementary coverage, at least in syntenic gene content,
between Roche 454 and Illumina technology.

Recent progress in NGS considering items like read size,
assembling algorithms, gap filling, scatfolding, error rate polishing,
and sequencing costs, have radically improved and facilitated the
accurate sequencing of complete genomes including cereal crops.
This is the case of PacBio and Oxford Nanopore, single-molecule
sequencing technologies that produce reads longer than 10 kb in
average demanding a different set of assemblers including Canu
[55], Falcon [56], ALLPATHS-LG [57] and DBG2OLC [58]
among others, in many cases using an hybrid approach combining
long and short reads for sequence polishing in the assembly of
genome sequences.

The impact of previously described advances in whole genome
assembling can be pictured in the case of rice, the first Poaceae
member with the nuclear genome sequenced [59]. In this funda-
mental work the rice nuclear genome was sequenced with Sanger
technology (previous NGS) using the whole genome shotgun
sequencing approach. With a 4x sequence coverage the obtained
assembly covered 362 Mb with N50 = 11.76 kb. Fifteen years
later, the rice genome sequencing shows major improvements in
terms of base error rates (<0.0017%) delivering a near complete
genome of Oryza sativa var. indica [60]. In this example, a hybrid
assembly strategy was performed including PacBio (118x) and
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Comparisons considering assemblies statistics for 7. aestivum single chromosome arms

DNA Sequencing  Sequence  Assembly Assembly

Target size platform coverage tool size N50 Reference

4DS 232 Mb 454 7.2x Newblerv. 103 Mb 1132 bp [19]
2.6

4DL 417 Mb 454 4.1x Newblerv. 120 Mb 807 bp [19]
2.6

4DS 232 Mb Illumina >30x ABYSS 142.1 Mb 3278 bp [48]

4DL 417 Mb Tllumina >30x% ABySS 347.6 Mb 1013 bp [48]

5AS 295 Mb 454 2.44x Newblerv. 61 Mb 803 bp [20]
2.3

5AL 532 Mb 454 2.35x Newblerv. 116 Mb 798 bp [20]
2.3

6BS 415 Mb 454 11.9x Newblerv. 234.7 Mb 1107 bp [22]
2.7

6BL 498 Mb 454 11.1x Newblerv. 273.2 Mb 2675 bp [22]
2.7

7BS 360 Mb Illumina 21x Velvet v. 176.1 Mb 472 bp [24]
1.0.09

7DS 381 Mb Illumina 34x Velvet v. 153.6 Mb 1159 bp [23]
1.0.09

T. diccocoides 864 Mb Illumina 41x ABySS 388.6 Mb 1114 bp [54]

4A

Illumina (>198x) reads delivered from (1) whole genome libraries,
(2) genotyping by sequencing (GBS) fosmid libraries and (3) GBS
of a mapping population combined with optical mapping data.
PacBiolongreads were polished and assembled with PBcR. Illumina
short reads were assembled with SOAPdenovo in the case of whole
genome libraries. GBS data from fosmid libraries and mapping
populations was aligned to the PBcR assembly using BWA-aln and
BWA-mem in the building of a supercontigs that were covalidated
with optical mapping combining PBcR assembly with Bionano
maps (Table 3). Additional examples of cereal crop genomes
sequencing strategies including sorghum, maize, barley and wheat
assembling can be found in Table 3.

Also it is worth mentioning the assembler DeNovoMAGIC2.0
[61] which works with short- reads (Illumina) to get accurate
sequence of long inserts for large genome assembly and charac-
terisation. DeNovoMAGIC2.0 was used successfully to get the
gold-standard wheat genome sequence [4]. The ordered and
annotated assembly IWGSC RefSeq v1.0 included 14.5 Gb leaded
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an average N50 values of 52 kb (contigs), 7 Mb (scaffolds) and
22.8 Mb (superscaffolds) with an estimated coverage of 94% of
the genome (Table 3).

5

Main Conclusions

1. Single chromosome sequencing is a highly efficient strategy to

reduce complexity of large genomes like bread wheat. This
approach is a powerful tool for gene discovery in unsequenced
specific cultivars, presence of cereal-wild relatives chromosome
translocations, and for plant/crop models where a reference
complete genome sequence is still unavailable.

. Recent progress in NGS in terms of reads size, assembling algo-

rithms, sequence polishing (hybrid assemblers), integration of
physical information at chromosome level (optical mapping)
and lower sequencing costs have radically improved the accu-
rate sequencing of complete genomes in cereal crops. The most
relevant achievement of this technological revolution in cereal
crops is the recent release of the gold-standard wheat genome

sequence IWGSC RefSeq v1.0.
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Cost-Effective Profiling of Mutator Transposon Insertions
in Maize by Next-Generation Sequencing

Xinyan Zhang, Meixia Zhao, and Damon Lisch

Abstract

Transposable elements can be highly mutagenic because when they transpose they can insert into genes
and disrupt their function, a propensity which has been exploited in many organisms to generate tagged
mutant alleles. The Mutator (Mu) family transposon is a family of DNA-type transposons in maize with a
particularly high duplication frequency, which results in large numbers of new mutations in lineages that
carry active Mu elements. Here we describe a rapid and cost-effective Miseq-based Mu transposon profil-
ing pipeline. This method can also be used for identitying flanking sequences of other types of long inser-
tions such as T-DNAs.

Key words Transposon, Mutator, Insertion profiling, Next-generation sequencing (NGS), Target site
duplication, Terminal inverted repeats

1 Introduction

A large fraction of many plant and animal genomes are made up of
transposable elements (TEs) [1], which are pieces of DNA frag-
ments that can “jump” to new positions within a genome. TEs can
be divided to two major types: Class I retrotransposons and Class
II DNA transposons [2]. Transposition of Class II transposons
requires enzymes known as transposases, which are encoded by the
autonomous members of a given family of elements. Those ele-
ments that do not encode transposases by themselves but are capa-
ble of transposing in the presence of transposases are known as
nonautonomous elements. Both autonomous and nonautono-
mous transposable elements produce double strand breaks upon
excision and insertional mutations in the host genome following
integration [ 3, 4].

One class of the DNA transposons, the Mutator (Mu) family of
transposons, was first identified in maize and was named for its
high mutagenic capability [5]. M» elements transpose by a cut-
and-paste mechanism. The transposases recognize their conserved

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
https://doi.org/10.1007/978-1-4939-9865-4_5, © Springer Science+Business Media, LLC, part of Springer Nature 2020

39


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-9865-4_5&domain=pdf

40 Xinyan Zhang et al.

binding sites embedded in ~200-bp terminal inverted repeats
(TIRs) found at both ends of each Mu element [6]. Integration of
the Mu elements into the genome creates a characteristic 9-bp tar-
get site duplication (TSD) of flanking DNA [7]. High-copy
Mutator lines have been used for targeted mutagenesis and for-
ward genetic screening by many groups (reviewed by Candela and
Hake) [8]. However, cloning the causal mutations for the mutants
isolated from randomly mutagenized populations can be techni-
cally challenging due to the high copy number of M transposons.
Mutator lines have been used in constructing annotated ready-to-
order mutant seed libraries to advance maize reverse genetic
research. Deep-sequencing-based pipelines have been developed
tor Mun insertion profiling, which involve sequencing amplicon
PCR products containing the TIR-flanking junction sequences
[9-11]. These pipelines are generally large scale and need to be
modified for routine applications at a low cost in laboratories that
do not specialize in these methodologies. Here we describe a rapid
and cost-effective Miseq-based flanking sequence identification
method that is tailored for Mu» transposon profiling but that is
potentially equally useful for other TEs in other species, as well as
other types of long insertions such as T-DNAs.

2 Materials

2.1 Wideseq Sample
Preparation

Prepare all reagents at room temperature, unless indicated otherwise.
Prepare all solutions using molecular grade water.

1. Lysis buffer (for 50 mL) (se¢ Note 1): 5 mL 1 M Tris-HCI
(pH 8, final concentration: 100 mM), 5 mL 0.5 M EDTA
(final concentration: 50 mM) (see Note 2), 5 mL 5 M NaCl
(final concentration: 500 mM), 35 mL water.

. 10% sodium dodecyl sulfate (SDS) solution in water.
. 5 M potassium acetate (KOAc).

. Propanol.

. 70% ethyl alcohol.

. DNase and 2-10 mg/mL protease-free RNase A solution:
Store at —20 °C.

7. Qubit” dsDNA HS Assay Kit (ThermokFisher).
. DNA shearing reagents: dsDNA fragmentase (NEB).
9. Gel DNA Recovery Kit (ZYMO RESEARCH).

10. NEBNext® Ultra” End Repair/dA-Tailing Module (NEB).
Store at =20 °C.

11. 3 M sodium acetate (NaAc) (pH 5.2).
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20 mg/mL glycogen: Store at 4 °C.

Adaptors: DNA oligos synthesized by Integrated DNA
Technologies, Inc. (IDT) (see Note 3).

adapterlL.  5'-GTAATACGACTCACTATAGGGCACGCGT
GGTCGACGGCCCGGGCTGCT-3'.

adapterlS /5PHOS,/GCAGCCCGGG,/3AmMO/.

The adaptors were modified from a next-generation library
construction protocol developed for identifying T-DNA inser-
tions [12]. Store at —80 °C.

10 mL Oligo annealing bufter: 1x TE (10 mM Tris, pH 8.0,
1 mM EDTA) 9.9 mL, 5 M NaCl 0.1 mL.

Blunt/TA Ligase Master Mix (NEB) Store at —20 °C.
Silica Bead DNA Gel Extraction Kit (Thermal).

Primers for nested PCR: DNA oligos synthesized by Integrated
DNA Technologies, Inc. (IDT).

APl-out 5'-GTAATACGACTCACTATAGGGCACGCGTGGTC-3.
AP1-nest 5'-TGGTCGACGGCCCGGGCTGC-3".

Museqlst 5-TCTGCGTCTCCARAWCAKAGAAGCCAACG-3'.
Museq2nd 5-CGCCATGGCCTCCATTTCGTCGAATCCC-3’
Kapa Hifi DNA polymerase (Kapa Biosystems). Store at —20 °C.

High performance computing cluster or personal computer.
The software mentioned in the following text can be run using
a Unix-like workstation. For Windows users, a terminal emula-
tor can be used.

. FastQC (http://www.bioinformatics.babraham.ac.uk /proj-

ects/fastqc/).

. Cutadapt (https: //cutadapt.readthedocs.io/en/stable /).
. Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2 /index.

shtml) [13].

. Samtools (http://samtools.sourceforge.net/) [14].

6. IGV (http:/ /software.broadinstitute.org/software /igv/) [ 15].

. BEDtools (http://bedtools.readthedocs.io/en/latest/) [16].

3 Methods

This protocol involves three consecutive sections: amplicon-based
enrichment of Mutator flanking DNAs, wideseq, and data analysis
(Fig. 1). The wideseq sample preparation and wideseq data analysis
are the two major focuses of our pipeline given that the wideseq
service is commercially available and inexpensive.
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Fig. 1 A schematic view of the wideseq-based Mutator profiling pipeline

3.1 Amplicon-Based
Enrichment of Mutator
Flanking DNA

3.1.1  Genomic DNA
Extraction

p—

O 0 N N U R W

. Grind 0.25 g plant tissue in liquid nitrogen to a fine powder in

a small mortar.

. Add 1000 pL of Extraction Buffer and grind again briefly.

. Pour into a 1.5 mL microfuge tube.

. Add 120 pL of 10% SDS.

. Mix well by inverting several times.

. Keep samples at room temperature for 10 min.

. Add 300 pL 5 M NaAc. Mix well by inverting several times.
. Spin for 15 min at top speed in a microfuge.

. Transfer 600 pL of the supernatant to a new microcentrifuge

tube.

. Add 600 pL of isopropanol.

. Mix the contents thoroughly by inverting.

. Spin for 10 min at top speed.

. Pour off the supernatant and wash the pellet with 500 pL of

70% ethanol.

. Gently pour off the 70% ethanol and remove the remaining

ethanol using a pipettor.

. Allow DNA to air-dry for 20-30 min.
. Resuspend the DNA in 50 pL of water.
. Add 1 pL. RNase A to each sample.



3.1.2  Genomic DNA
Digestion

3.1.3 End Repair
and A-tailing

3.1.4  Ligation to Adaptor

18.
19.

20.
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Incubate at 37 °C for 30 min.

Measure the concentration of DNAs using the Qubit dsDNA
HS assay. In our hands, the final concentration of DNA using
this extraction protocol is 100-200 ng/pL.

Optional DNA quality check: Run 3 pL of the DNA sample on
a 0.8% agarose gel.

. Prepare the dsDNA shearing mix (20 pL):

10 pL DNA (1-2 pg).

6 pL water.

2 pL 10x bufter for fragmentase.
2 pL fragmentase

. Incubate the mix at 37 °C 30 min.

. Stop the reaction by adding 5 pL. 0.5 M EDTA.

. Run a 1.5-2% agarose gel.

. Do a size selection and collect the 500-1500 bp smear of DNA

followed by column purification using a Gel DNA Recovery
Kit.

. Elute the DNA with 20 pL clution buffer.

. Prepare the end-repair and A-tailing reaction mix (32.5 pL) as

follows:

17.5 pL purified DNA solution following fragmentation and
column purification.

10.25 pL water.
3.25 pL buffer (10 X) for end-repair and A-tailing.

pL end repair enzyme

. Incubate the mix in a thermal cycler at 20 °C for 30 min, then

at 65 °C for 30 min.

. Add 3.5 pLL. 3 M NaAc (pH 5.2) to each reaction.
. Add 1 pL 20 mg/mL glycogen to each sample. Mix well.
. Add 200 pL ethanol to each sample. Mix well again. Place the

mix in the freezer (=20 °C) overnight.

. Centrifuge at 13000 rpm (16,200 x 4) for 15 min.
. Wash the pellets with 75% ethanol. Dry the pellets. Dissolve

the DNA in 8 pL of water.

. Prepare the following oligo annealing reaction mix (100 pL):

25 pL 100 pM adaptor 1 L.
25 pL 100 pM adaptor 18.
50 pL oligo annealing buffer
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3.1.5 Nested PCR

2.

Incubate at 95 °C 1 min, then slowly lower the temperature to
14 °C by -0.1 °C/s.

. Aliquot 5 pL (adaptor concentration 25 pM) to 20 PCR tubes.
. Store the adaptors at —80 °C.

. Perform Qubit assays to measure the concentration of purified

DNA insert following end-repair/A-tailing.

. Based on the concentrations of insert DNA and adaptor, calcu-

late the volumes of adaptors (X pL) and insert DNA (Y pL) for
ligation. A 300:1 molar ratio for adaptor: insert is recom-
mended (see Note 4).

. Prepare the ligation mix (15 pL):

X pL adaptor.
Y pL end-repaired and A-tailed insert DNA.
pL TA ligation master mix (2x)

. Incubate the mix at 16 °C for 3 h, perform bead-purification

for ligation products (Silica Bead DNA Gel Extraction Kit)
following the manufacturer’s instructions.

. Elute DNA with 60 pL of water.

. Prepare the first nested PCR reaction mix (15 pL):

6 pL ligation product.

4.2 pL water.

3 pL bufter (5x) for Kapa Hifi.

0.5 pL primer Museqlst (10 pM).
0.5 pL primer AP1-out (10 pM).
0.5 pL ANTDPs (10 mM each).

0.3 pLL Kapa Hifi DNA polymerase

2. Mix gently and centrifuge briefly to collect droplets.
. Run the following PCR program to amplify the first nested

PCR reaction mix: 95 °C 3 min; 14 cycles (98 °C 20 s, 60 °C
155,72 °C 45 s); 72 °C 3 min.

. Prepare the second nested PCR reaction mix (120 pL):

2 pL first-round PCR product.
80 pL water.

24 pL butfter (5x) for Kapa Hifi.
4 pL primer Museq2nd (10 pM).
4 pL primer AP1-nest (10 pM).
4 pL. ANTPs (10 mM each).

2 pL Kapa Hifi



3.2 Wideseq-Based
Sequencing

of the Purified DNA
Sample

3.3 Mapping Wideseq
Reads and Identifying
of Mutator TSDs

3.3.1 Quality Control

3.3.2  Trim Adaptors
and TIR Sequences
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5. Mix gently and centrifuge briefly to collect droplets.

6. Run the following PCR program to amplify the second nested
PCR reaction mix: 95 °C 3 min; 14 cycles (98 °C 20 s, 60 °C
155,72 °C455s); 72 °C 3 min.

7. Run all the PCR products (120 pL) on a 1.5-2% agarose gel.
Select the 500-1500 bp smear region followed by column
purification. 8-Elute DNA using 20 pL of the elution buffer.

The wideseq service for sequencing the purified DNAs in the above
is provided at the Purdue Genomics Core Facility. Wideseq is an
inexpensive Next Generation Sequencing (NGS) service which
involves the construction of NGS libraries using a transposase-
based methodology (Nextera) and miseq-based sequencing. For
details see the website of Purdue Genomics Core Facility (https://
www.purdue.edu/hla/sites /genomics/wideseq-2 /). In a typical
wideseq run for one Mutator-profiling sample, 20,000 (sometimes
up to 50,000) pair-ended reads (2 x 150 bp) are produced (see
Note 5) which are enough for confident identification of the flank-
ing sequences of Mu elements in a maize genome with a Mutator
copy number as high as 100 (see Note 6) (Table 1).

We recommend checking the quality of the wideseq sequencing
data using FastQC before moving on to the next steps. This step is
optional if the wideseq service provides the quality control reports
together with the filtered reads based on read quality.

1. Trim adaptors by running the cutadapt program using param-
eter “-g TGGTCGACGGCCCGGGCTGCT --overlap 7 -G
TGGTCGACGGCCCGGGCTGCT --overlap 7”. This step
outputs sequence files with the adaptor trimmed: sample_cut-
adapt_R1 .fastq, sample_cutadapt_R2.fastq.

2. To simplity the TSD calling following genome mapping, pair-
ended sequence files (read 1 and read 2) with TSD sequences
in read 1 are created during TIR-trimming (se¢ Note 7):

Table 1
Summary of wideseq-based Mutator profiling in samples of two sibling
individuals from a Mutator stock

Sample 1 Sample 2
Paired-end reads 145,377 89,461
Mapped concordant adaptor/TIR-free reads 98,220 60,049
Mapped junction reads 3515 3041
Background Mu elements in B73 28 28

New insertions 33 47
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3.3.3 Map Reads
to the Genome

3.3.4  Extraction
of the TSD Coordinates

First, run the cutadapt program with sample_cutadapt_
Rl.fastq sample_cutadapt_R2.fastq using parameter “-g
ATAATGGCAATTATCTC --overlap 7 --discard-untrimmed”.
Output two files: R1_juncF.fastq and R2_juncF.fastq;

Second, repeat adaptor trimming using sample_cutadapt_
R2.fastq sample_cutadapt_R1 .fastq as input files. Output files:
R1_juncR fastq and R2_juncR.fastq.

Third, combine reads in files R1_juncF.fastq and R1_juncR.
tastq into a new file sample_junction_R1.fastq. Combine reads
in files R2_juncF.fastq and R2_juncR fastq into a new file:
sample_junction_R2.fastq. The paired files “sample_junction_
R1.fastq; sample_junction_R2.fastq” are to be mapped on the
genome for identifying TSD coordinates.

. Prepare reads for genome mapping in order to visualize adap-

tor/TIR-free reads by consecutively running cutadapt with
parameters “-g TGGTCGACGGCCCGGGCTGCT --overlap
7 -G TGGTCGACGGCCCGGGCTGCT --overlap 7” and
“-g ATAATGGCAATTATCTC -G ATAATGGCAATTAT
CTC --overlap 77, respectively. Output all_clean reads (free of
adaptor and TIR sequences) in files: samplel_rl_allclean.fastq
and samplel_r2_allclean.fastq.

The maize genome B73 RefGen_v4 (Zm-B73-REFERENCE-
GRAMENE-4.0) can be downloaded from ftp://ftp.ensemblge-
nomes.org/pub/plants /release-39 /fasta /zea_mays/dna/.

1.

2.

Run the bowtie2-build program to build a Bowtie2 large index
from the genome sequence file (parameter: --large-index).

Run bowtie2 to separately map the junction reads and all
trimmed reads to the genome using parameter “--very-sensi-
tive —local” (se¢ Note 8).

. Do quality filtering and sam-to-bam conversion with the

alignment output (“.sam” file) using samtools (parameters:
“samtools view -Sh -q 2”7, “samtools view -S -b”).

. Run samtools again to sort and index the bam files in order to

visualize all mapped adaptor/TIR-free reads and junction
reads (parameters: “samtools sort -1 5”; “samtools index -b”).

Indexed “.bam? file can be visualized using the software IGV.

Because the Mutator-specific primers read outward from both
TIRs, TIR-trimmed junction reads containing the TSD sequences
flanking both TIRs of a given Mu element insertion can be aligned,
with 9-bp of overlapping sequence that are the TSDs (Fig. 2).

1.

To extract the TSD coordinates, convert the filtered mapping
file to a “bed” file by running the sam2bed program
(BEDtools).
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TSD
1433 bp

4475000 bp A 4T 000 bp A ATE 00 b 4475 400 by 4,876 600 by 4476800 bp ALTT 000 bp

Adaptor/TIR-free reads
Depth: [0-102]

Junction reads

Fig. 2 Visualization of adaptor/TIR-free reads (upper) and junction reads (bottom) mapped to a representative
Mutator insertion site using the IGV software. The TSD sequence (red arrow) shows a higher mapping depth
when visualizing junction reads, as all of these reads contain the TSD sequences at the ends

2. Separately extract two subsets of aligned reads mapped in the
forward and reverse directions and write them into two files.

3. Take both the start and the end coordinates for each TIR-
trimmed junction read and then use the following rules to
obtain a TSD coordinate.

For each read aligned in forward direction with a START
coordinate “m” in the “.bed” file, “m + 1” and “m + 9” are
the start and end coordinates of one TSD hit.

For each read aligned in reverse direction with an END
coordinate “n” in the “.bed” file, “n—8” and “n” are the start
and end coordinates of one TSD hit (see Note 9).

4. Create a unique TSD coordinate list by combining all TSD
coordinates obtained following the above rules and then remove
duplicates. The junction read counts matched to each TSD in
forward and reverse directions are summarized separately which
are used for further filtering for confident new Mu elements as
well as Mu elements in the B73 background described below.

5. To find confident TSD coordinates, first screen the TSD coor-
dinate list and reserve those with at least one junction read
aligned to both flanks of a given Mu insertion. At a subset of
TSD sites, abundant junction reads (>5 reads) are mapped to
only one flank of a given insertion. This is usually the result of
two preexisting TIR-TSD junctions associated with back-
ground Mu elements in the B73 genome, which are separated
by each other by the endogenous B73 Mu element (Table 2).
In contrast, new insertions will generate new TSDs that are not
separated by any B73 sequence. The background Mutator
elements in B73 can often be identified by screening 40 kb
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Table 2
Representative Mutator insertions identified by this pipeline

Sample 1 Sample 2

Chr TSD_start  TSD_end count_rev count_fwd count_rev count_fwd Note

1 269,969,410 269,969,418 49 0 47 0 Background paired
1 269,974,224 269,974,232 0 57 0 47 Background paired
2 26,733,220 26,733,228 21 0 10 0 Background paired
2 26,735,143 26,735,151 0 16 0 13 Background paired
2 142,525,770 142,525,778 64 0 47 0 Background paired
2 142,527,884 142,527,892 0 37 0 30 Background paired
4 30,459,834 30,459,842 29 24 27 21 New insertion

6 65,976,107 65,976,115 26 14 0 0 New insertion

7 138,208,558 138,208,566 0 0 25 23 New insertion

8 15,546,546 15,546,554 5 10 0 0 New insertion

8 97,202,190 97,202,198 0 0 4 18 New insertion

8 124,608,977 124,608,985 0 0 35 17 New insertion

8 162,944,671 162,944,679 38 17 0 0 New insertion

8 165,872,916 165,872,924 0 0 9 17 New insertion

8 170,724,891 170,724,899 28 30 0 0 New insertion

9 113,853,775 113,853,783 35 34 19 17 New insertion

A list of confident new insertions and B73-background Mutator insertions with 9-bp TSDs are shown. The background
insertions are aligned with paired split peaks

windows neighboring such TSD sites for paired TIR-TSD
junction sites (see Note 10).

The protocol described here provides a rapid and cost-effec-
tive way to profile transposons and known insertion sequences
with single-nucleotide resolution (see Note 11). By replacing
the Mutator-specific primers with other insertion-sequence-
specific primers, this pipeline can be potentially adapted for
identification of the flanking sequences of known genomic
insertions such as T-DNAs and other transposon families.

4 Notes

. This prep can be scaled up or down.

. Prepare 0.5 M solution (pH 8) in double distilled water. Use

the same solution for terminating DNA fragmentation reaction
in Sect. 3.1.2.
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. One of the two oligos is modified. Blocking the 3’ terminus

improves the specificity of the PCR. The adaptor sequences
and PCR primers can be replaced to meet special needs such as
T-DNA profiling. PCR adapters/primers should NOT contain
any Illumina library adapter sequences in them, because only
DNAs not containing Illumina library adapter sequences are
compatible with the post-Nextera PCR reaction in the wideseq
assay.

. Molar ratios between 100:1 and 500:1 (adaptor: insert) have

worked in our hands.

. Submit the DNA sample for the wideseq service as a “library”

type.

. DNA is fragmented during the wideseq library construction

and thus, the number of TIR-containing amplicons is underes-
timated in the sequencing results.

. Given that the Mu-specific primers anneal to both ends of each

Mn elements and prime outward reading from the ends of
TIRs, each Mu element insertion is defined by two amplicons:
an upstream amplicon derived from the left M#» TIR-flanking
junction and a downstream amplicon from the right Mu
TIR-flanking junction. On the two flanks of each Mu element,
the TIR-flanking junction sequences map to opposite strands.
TIR-flanking junction reads from the upstream amplicons are
aligned to negative strands of the genome, while those from
the downstream amplicons are aligned to positive strands.
Since amplicons are sequenced in both forward and reverse
directions in wideseq, the directions of each amplicons need to
be unified to detect TSD. To do so, the names of readl and
read 2 are simply exchanged during TIR-trimming for those
amplicons sequenced in a reverse direction from adaptor to
TIR (the TSD seen in read 2). The initial 9 nucleotides in read
1 are where the TSD sequences are locate in each adjusted read
pair. This adjustment step is unique to wideseq analysis and is
necessary for TSD calling algorithm used in this pipeline, but
it is optional for identifying flanking sequences of other types
of insertions like T-DNAs.

. The TSDs but not the TIR sequences remain because of

TIR-trimming of these mapped junction reads.

. In this step a 0-based coordinate from “.bed” file is converted

to a 1-based TSD coordinate.

In our typical “high-copy” Mutator line, 50-100 confident
TSDs can be identified, including 20-30 background Mutator
elements in the B73 genome (Table 1). The paired TSDs asso-
ciated with background elements are usually separated by an
interval of 1-35 kb, so a 40 kb window can be used to filter for
these elements. Using background Mu elements as internal
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controls, one can estimate the efficacy of the Mutator profiling
pipeline in identifying novel Mu» elements. In our hands, we
can detect all of the background Mu elements in B73 that
would be expected to amplify using our Mu-specific primers
with high reproducibility (Table 1).

11.

In our hands, one can process up to 24 samples at a time for

40-50 US dollars for each sample including the wideseq service
fee. It takes 24-48 hours to prepare the DNAs for wideseq
while a routine wideseq service can be completed in 2—4 weeks.
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Relative Expression Analysis of Target Genes
by Using Reverse Transcription-Quantitative PCR

Rocio Liliana Gomez and Lorena Noelia Sendin

Abstract

Real-time PCRis a powerful technique used for quantification of defined nucleic acid sequences. Numerous
applications of this method have been described including: gene expression studies, diagnosis of patho-
gens, and detection of genetically modified organisms or mutations. Here, we describe a simple and effi-
cient protocol to determine gene expression in cereals, based on real-time PCR using SYBR® Green dye.
This technique provide an inexpensive alternative, since no probes are required, allowing for the quantifi-
cation of a high number of genes with reduced cost.

Key words Real time, Gene expression, Plants

1 Introduction

Real-time or quantitative reverse-transcription polymerase chain
reaction (RT-qPCR) is a sensitive, rapid, and specific technique
commonly used to detect and measure small quantities of nucleic
acid [1]. RT-qPCR is used for different purposes, for example in
cereals this technique was used for expression quantitation of genes
either own plant or foreign [2—4]; another use is detection of con-
taminating microorganisms [5]; and assay validation experiments
of microarrays or RNAseq among others [6, 7].

RT-qPCR allows a direct measurement of amplification during
the log linear phase of the PCR reaction via the incorporation of a
fluorescent probe in the PCR reaction mix and the use of a ther-
mocycler equipped with an optical sensor for fluorescence [8]. The
principle of the method is that as the specific-sequence PCR prod-
uct is accumulated, the fluorescence of the reaction increases until
it exceeds a threshold set by the operator in a determinate cycle
number. This is called the threshold cycle (Ct), which is inversely
proportional to the initial number of cDNA target molecules.
Thus, the smaller the Ct values (i.e., fewer number of cycles to

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
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reach detectable product), the greater the number of initial target
molecules.

By comparing the Ct value of the target gene to that of an
internal control gene (a constitutively expressed gene, e.g., actin),
it is possible to determine its relative abundance in a starting popu-
lation of mRNA [9, 10]. This method utilizes intercalating agents
or fluorogenic probes to sense amplified products. Depending on
the fluorescent used, the methods are classified in specific or non-
specific [11]. The first one is based on probes harboring both a
fluorescent dye and a quencher molecule, which hybridize with a
specific region of the target sequence [12]. The process is based on
the transfer of fluorescent energy by resonance (FRET) between
the two molecules. This principle consists in that a high energy
molecule near a low energy molecule (quencher), promotes an
energy transfer and there will be no fluorescence emission. Once
these molecules are separated, the fluorescence is emitted, which is
captured by the reader of the device [13]. There are several detec-
tion systems based on this method used in plant studies, such as
Tagman™, Molecular Beacons, and Scorpions™. The TagMan™ sys-
tem consists in the detection of the PCR product by using an oli-
gonucleotide probe labeled with a fluorophore and a fluorescence
quencher that, upon binding to the DNA template, undergoes
quencher removal by the 5-3" exonuclease activity of Taq DNA
polymerase [14]. In this sense, the amount of amplicon produced
is directly proportional to the amount of probe that is released
[10]. Molecular beacon is another option, which contains a target
recognition loop flanked by a hairpin with a fluorophore and a
quencher on the opposing ends. Specific binding to a PCR product
opens the hairpin, separating the fluorophore and the quencher,
thus producing fluorescence [ 15]. Scorpion is a beacon variant that
is a PCR primer with a hairpin structure at the 5" end containing a
fluorophore and a quencher. When the probe binds to a specific
region of the target DNA, the oligonucleotide attached to the
quencher is released, folding the fluorochrome-labeled probe over
the target releasing the fluorescence [16]. Under fast thermal
cycling conditions, Scorpion primers may outperform TaqgMan or
beacon probes [17].

The nonspecific method uses intercalating molecules. The
most common is the SYBR Green I molecule, because of its high
affinity for double-stranded DNA and because it is an affordable
alternative [18]. Despite hybridization probes offer the advantage
of target sequence specificity, a specific probe is required; in that
sense, the synthesis of fluorescence-labeled probes becomes very
expensive.

Therefore in this chapter we describe the analysis of gene
expression by using SYBR Green®, since it offers a great benefit
allowing the quantification of a high number of genes, it is eco-
nomically convenient, there is no need to design probes and the
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reaction conditions are easy to optimize. However, a weakness of
this technique is that SYBR Green® is uniformly integrated into
every amplicon, measuring both nonspecific and specific amplified
products. Nevertheless, the nonspecific fluorescence can be avoided
optimizing the amplification by performing a melting curve at the
end of the reaction [19].

2 Materials

2.1 Tissue Gollection

2.2 RNA Extraction

2.3 RNA Monitoring

2.4 cDNA Synthesis

The cereal tissues (see Note 1) are collected from the field in an
aluminum bag placed in a container with ice and immediately fro-
zen with liquid nitrogen until use (se¢ Note 2).

1.

N O\ dr

—

Refrigerated microcentrifuge and rotor capable of reaching up
to 12,000 g.

. Sterile polypropylene microcentrifuge tubes (1.5 and 2.0 mL)

(see Note 3).

. Sterile plastic filter tips (1-20 pL; 10-200 pL; 100-1.000 pL

Eppendortf tips) (see Note 4).

. P20, P200, and P1000 micropipettes (see Note 4).
. Gloves (see Note 5).
. Mortars, pestles.

. RNA isolation reagents. RNA extraction was developed by

using TRIzol® (Ambion life technologies—Carlsbad, California,
USA) following the manufacturer’s instructions for Tissues
samples. Extra materials needed: chloroform, isopropyl alcohol,
ethanol 75% (in DEPC-treated water), RNase-free water.

. Liquid nitrogen.
. 10% bleach solution.

. Agarose.
. Gel running buffer (Loading 6x and GelRed).
. RNase-free water (DEPC-treated water).

UV /VIS spectrophotometer.

. Quartz cuvettes.
. Cleaning RNA reagent. DNasel, RNase-free kit (Thermo

Scientific). Preparation of DNA-free RNA was performed by
using DNasel, RNase-free kit (Thermo Scientific) following
the manufacturer’s instructions for tissues samples.

. cDNA synthesis reagents. RevertAid Reverse Transcriptase

(RT) kit (Thermo Scientific). First strand ¢cDNA synthesis for
real time qPCR was achieved by using RevertAid Reverse
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2.5 RT- qPCR Assay

g W

Transcriptase (RT) kit (Thermo Scientific) following the man-
ufacturer’s instructions for RNA samples,

. Oligo (dT);5 solution (Promega).

. 10 mM dNTP mix.

. RNase inhibitor (Ribolock—Thermo Fisher scientific).
. Heating block.

. Clean lab coats (se¢ Note 6).

2. Tips and micropipettes for PCR (see Note 4).

O 0 NN O U

. Polypropylene tubes for reagent storage and master mix prepa-

ration (1.5 mL microcentrifuge tubes).

. RT-qPCR plate (48 or 96 wells) and flat caps (Bio-Rad,

California, USA).

. Real time equipment.

. Software for primers sequence design.

. iIQ™ SYBR® Green supermix (Bio-Rad, California, USA),
. cDNA samples,

. Microplate Centrifuge

3 Methods

3.1 Material
Collection

3.2 RNA Preparation
3.2.1 RNA Isolation

3.2.2  RNA Monitoring

. Cut the cereal leaves with a clean pair of scissors; the tissues

must be rapidly frozen in liquid nitrogen.

. Put the leaves in mortars and grind thoroughly with a pestle

(see Note 7).

. Transfer the ground tissue to a liquid-nitrogen-cooled 1.5 mL

microcentrifuge tube (se¢ Note 8).

. Before starting, clean the working area and equipment with

10% bleach solution for an RNase-free environment. The
extraction is one of the most important steps and should be
done carefully. It is important to use the correct amount of
starting material; do not surpass 100 mg of ground tissue per
mL of TRIzol reagent (see Note 9). Proceed following the
manufacturer’s instructions.

2. Perform all centrifugation steps at 4 °C in microcentrifuge.

. After finishing the extraction, the RNA extracted must be

refrigerated at —70 °C until use (see Note 10).

. In order to determine the RNA quantity and quality, mix 4 pl

of RNA sample with 996 pl RNase-free water.
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2. Measure the absorbance at 230, 260, and 280 nm, using
RNase-free water as zero to the spectrophotometer. An
absyso = 1 corresponds to 40 pg/mL. Use the formula
Asgo x dilution x 40 = pg RNA /mL to calculate RNA concen-
tration [20] (see Note 11).

3. With the purpose of checking the integrity of RNA, a denatur-
ing agarose gel electrophoresis should be performed (see
Note 12).

4. Mix 4 pLL RNA sample with 1 pLL Loading 6x and 1uL. GelRed
(1,/100) and carry out the running. The ribosomal RNAs (18S
and 28S) should appear as well defined bands; if the ribosomal
bands are not sharp, it means that the samples have undergone
degradation.

5. It is possible that the extracted RNA contains DNA contami-
nation (Fig. 1) (see Note 13). In order to eliminate DNA we
use the enzyme DNase I according to the manufacturer’s
instructions (se¢ Note 14).

Fig. 1 Monitoring of the integrity and quality of RNA. Denaturing agarose gel electrophoresis of (a) RNA sam-
ples without DNase treatment and (b) RNA samples with DNase treatment
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3.3 Real-Time qPCR
(RT-qPCR)

3.3.1 cDNA Synthesis

3.3.2  Primers Design

3.3.3 RT-qPCR Assay
Conditions

In order to detect the expression of specific genes, real time quan-
titative PCR (RT-qPCR) is performed. RT-qPCR use DNA as
template, which is obtained by reverse transcription of RNA

1. First strand ¢cDNA is synthesized by using RevertAid Reverse
Transcriptase (RT) kit following the manufacturer’s instruc-
tions for RNA samples.

2. After finishing cDNA synthesis, store it at —20 °C until use (see
Note 15).

To facilitate primers design for RT-qPCR, use specific software (see
Note 16). The software shows a list of possible primers, so choose
according to the following requirements:

® Anamplicon size between 70 and 150 bp.

An optimal primer length of 20 bases.
® A GC percentage between 30 and 80%.

Do not use consecutive identical nucleotides. Try to avoid
areas with more than 4 G’s.

The last 5 nucleotides of the 3’ end should not have more than
2 G’s and/or Cs.

® The Tm should be between 58 and 60 °C.

Resuspend all primers in sterile water at the concentration of
100 pM and storage them at —20 °C.

Gene expression data generated by real-time PCR can be analyzed
by two common methods: absolute quantification and relative
quantification [21]. Here we describe the 2724t method, which is
used for relative quantification [22].

The gene expression can be relative to two parameters. The
first one involves an endogenous control or housekeeping (a con-
stantly expressed reference gene). The housekeeping gene is used
to normalize the data in order to compensate the amount of DNA
and other variants in each sample (se¢ Note 17). The housekeeping
depends on the crop that is analyzed; some of them are GAPDH,
F-Box and puroindoline-b in maize, soybeans and wheat respec-
tively [23-25].

The second parameter can be relative to a particular condi-
tion (e.g., a nontreated control, a time point zero, or healthy
individuals) [26].

To determine the level of expression, the threshold cycle (Ct)
values corresponding to each sample are needed. In that sense, the
Ct (raw data) values should be measured for:

® The housekeeping gene: control and experimental conditions.

® The gene of interest: control and experimental conditions.
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Housekeeping gene

Gene of interest

Sample Ct1 Ct2 Ct3 Ct1 Ct2 Ct3

Control 1 17.76 17.78 17.75 30.22 30.25 30.20
Control 2 17.98 17.95 17.96 30.05 30.12 30.07
Control 3 17.86 17.88 17.85 30.15 30.16 30.19
Treated 1 18.25 18.24 18.22 26.32 26.35 26.33
Treated 2 18.12 18.10 18.05 27.05 26.95 26.99
Treated 3 18.20 18.23 18.18 26.55 26.61 26.57

For example, in the Table 1, the values of each sample (control
and treated) have been represented. We suggest the use of at least
three technical replicates per sample (Ctl, Ct2 and Ct3) when per-
forming this technique (se¢ Note 18). Control 1, Control 2 and
Control 3 are biological replicates.

To establish the level of gene expression by using the double
delta ct analysis, the following steps should be conducted:

1. Calculate the average of the Ct values for the technical repli-
cates for the housekeeping gene and the gene of interest in the
experimental and control conditions.

Ct Average=(Ctl+Ct2+Ct3) /Numbers of replicates
= (17.76+17.78+17.75) /3

For example:Ct Average (“Control 17)

2. Use the average Ct values obtained above in order to calculate
delta Ct (ACt) for each sample [26] (see Note 19).

ACt=Ct (gene of interest ) — Ct (housekeeping gene)

ACt (“Control 1”) =30.22-17.76

3. Select the sample or group of samples that will be used as refer-
ence (nontreated control, a time point zero or healthy indi-
viduals) in order to calculate the delta-delta Ct (AACt) values

for all the samples (see Note 20).
AACt = ACt (Treated ) — ACt (Control )

4. In order to know the fold gene expression, use the formula
described below:
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Fold gene expression=2“7(AAct)

5. Previous to begin the assay, design the RT-qPCR plate strate-
gically in order to avoid mistakes (Fig. 2) (see Note 21).

6. Thaw and homogenize all the reaction components; iQ™ SYBR
Green SuperMix (see Note 22), forward and reverse primers
and sterile water. Prepare the master mix by adding iQ™ SYBR
Green SuperMix (2x), primers (50-900 nM depending on the
optimized concentration (Fig. 3) (see Notes 23 and 24)) and
water following the manufacturer’s instructions. Aliquot equal
volumes in the wells of the qPCR plate (see Note 25) and add
cDNA (0.001-100 ng) (see Note 26) in a separated area. Seal
wells with flat caps.

7. For a correct reading, be sure to mix all the components of the
reaction. Centrifuge the plate to remove the bubbles and col-
lect everything at the bottom of the tube.

Housekeelping gene Gene oi interest

1 > 3 1 s D
Nfe'eeeee
FO'O'O'0O0OT0O RN
b [OOOOO) o
E . .*. . . . |cDNA4
¥ ‘..“ chNAs

S = 2
- |cDNAG
I ‘* Positive

s 4 4 4 4 s

Fig. 2 lllustration of the distribution of PCR plate. Primers are loaded in the columns (border color), whereas
cDNAs are loaded across row (fill color)
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Non-specific
amplification

Temperature (°C)

Fig. 3 Diagram of the use of melting curve analysis to discern between specific and nonspecific PCR

products

. The thermal cycling protocol consisted of 1 cycle of poly-

merase activation and DNA denaturation at 95 °C for 3 min;
and 40 cycles of amplification containing the following steps:
10 s of denaturation at 95 °C, 35 s of annealing/extension step
at 58-60 °C, depending on the optimum Tm of the primer.
The reactions were run and analyzed on a real-time PCR ther-
mal cycler.

4 Notes

. We use leaves instead of seed endosperm because it contains

very high levels of starch, which leads to low yields and poor
quality of RNA extraction [27].

. Tissues can be stored at =70 °C for several months or used in

the moment. Add as much liquid Nitrogen to the samples as
they need; do not allow tissues to thaw. The process should be
carried out as quickly as possible.

. The microcentrifuge tubes must be sterilized twice.

4. It is important to use separated and confined areas for each

step (sample preparation, PCR setup, PCR amplification) in
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10.

11.

12.

13.

14.

15.

16.

order to avoid cross-contamination with amplicons that lead
to the production of false positives. Do not transfer tips and
micropipettes from one area to another.

. Always wear disposable gloves, and change them whenever

you suppose that they are contaminated or in each working
area in order to decrease the risk of RNA degradation.

. Do not use the same lab coat while amplification of PCR

products is been performed or when the sample is been
prepared.

Mortars, pestles and microcentrifuge tubes can be refrigerated
before starting. This will help the tissue to not lose its cold
temperature.

. Do not permit tissues to thaw while handling prior to add the

TRIzol reagent. This procedure should be carried out as
quickly as possible.

To avoid thawing while the tissue is weighed, weigh another
amount of ground tissue beforehand and see how far the tube

is filled.

Aliquot RNA in another RNase-free tube in order to check the
quality and quantity of RNA extracted. This will prevent the
contamination with ribonucleases while handling for check it.

The absorbance at 260 should be higher than 0.15 in order to
decrease the measurement error. An abs,s 250 ratio between
1.7 and 2.1 indicates a clean RNA, values out of this range
indicates protein contamination. An abs,s 230 ratio about 2
indicates a clean RNA, values out of this range indicates carbo-
hydrate contamination.

Prepare a new gel with RNase-free water; wash the gel box
with detergent and pure ethanol.

Traces of DNA can be detected on the agarose gel (on top of
the gel) (Fig. 1la). DNA must be eliminated since it can inter-
tere in the following gene expression analysis through real-
time RT-qPCR.

In most cases, the DNase cleaning decreases the amount of
total RNA in the sample (Fig. 1b). Be carefully, do not exceed
the indicated amount of DNasel recommended; this could
degrade the RNA. After finishing the cleaning, another elec-
trophoresis gel is run in order to check the absence of DNA
traces.

Before storing the cDNA, aliquot in different sterile micro-
centrifuge tubes in order to avoid its degradation by thawing
and freezing repeatedly.

The IDT software™ allows you to design your own primers
and probes for Real time qPCR using SYBR Green dye.
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A good housekeeping should not have large variations of gene
expression among the samples analyzed. Its expression must
not be related to the treatment to be evaluated.

Three technical replicates per sample allow identifying if some-
thing odd happened in a well. It is expected that if the experi-
ment was performed correctly, the three replicates should have
similar values.

The Delta Ct (ACt) is the difference in Ct values for the gene
of interest and the housekeeping gene for a given sample. This
is to normalize the gene of interest to a gene which is not
affected by your experiment.

The sample or group of samples that will be used as reference
will depend on your experiment system. Be careful, this is a
step in which you can make a mistake. Any sample can act as
the reference (nontreated control, a time point zero, or healthy
individuals), but it must be the same in all the analyses, because
the results produced at the end are relative gene expression
values.

RT-qPCR allows for running many reactions per experiment,
so make sure to organize the plates in a specific order to avoid
confusions before the run. We usually organize the primers in
columns and the different cDNA samples in rows (Fig. 2).
Also, the housekeeping gene is located in the first set of col-
umns and the other set of primers are organized in alphabeti-
cal order. Assign wells for negative and positive controls for
each gene studied. First, we add sterile water as a negative
control and we immediately close these wells in order to pre-
vent cross contamination. The following rows are completed
with the samples of interest, and the last things to load are the
positive controls.

™

Protect the 1Q™ SYBR Green SuperMix reagent from light.
SYBR Green® and other master mixes of RT-qPCR often con-
tain components such as glycerol that make the solution vis-
cous. This solution should be taken by reverse pipetting. This
will prewet the pipette tip and increase the pipette accuracy.

Prepare a working dilution of 5 pM primer. The concentration
of primers should be optimized in order to avoid nonspecific
products or primer-dimer formation. Perform a concentration
gradient of primers for each gene, maintaining the other com-
ponents in the same conditions. The specific products will
have an approximate Tm of 80 °C, while curves below Tm
75 °C are characteristic of the primer-dimer or nonspecific
products (Fig. 3).

Determine the amplification efficiency of the reaction for both

the target and reference genes. For this purpose, a serial dilu-
tion from pure cDNA to 1,/1,000,000 was used to analyze the



efficiency of the PCR reaction for different target genes and
housekeeping. The Ct values obtained will allow performing a
standard curve for each gene studied. Ideally all the curves
should be parallel (same slope) to be analyzed together. PCR
efficiencies can be compared by relating the slope of the linear
curve of Ct values plotted against the log-dilution. A perfect
reaction has a slope of 3.3, which corresponds to an exact two-
fold amplification at every cycle of the PCR between dilutions

The 2724 method assumes that the amplification efficiency
for both the target and the reference gene is similar [22].

Several factors can affect the variability in the plate, but the
most common one is the pipetting technique. As RT-qPCR is
an exponential reaction, the effect of small differences in
reagents can often have accumulative effect on the Ct value. A
minimum error on pipetting may cause some wells to contain
different amounts of template, polymerase or primers, leading
to variation on the data. Calibrate pipettes periodically; the
time recommended for recalibrations every 6-12 months.

Use a final concentration of cDNA between 0.001 and 100 ng.
Low ¢DNA concentration or poor quality will decrease levels
of amplicons, resulting in high Ct values and variability. All
cDNA sample and reactions tubes must be handling cau-
tiously. Try to maintain components capped as much as you

This project was supported by Estaciéon Experimental Agroindustrial

(EEAOC) and Consejo Nacional de

Investigaciones Cientificas y Tecnologicas (CONICET).
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Abstract

RNA sequencing (RNA-seq) coupled to DNA methylation strategies enables the detection and character-
ization of genes which expression levels might be mediated by DNA methylation. Here we describe a
bioinformatics protocol to analyze gene expression levels using RNA-seq data that allow us to identify
candidate genes to be tested by bisulfite assays. The candidate methylated genes are usually those that are
low expressed in a particular condition or developmental stage.

Key words Bioinformatics, Bisulfite technique, Cereals, Genome methylation, Transcriptome
expression

1 Introduction

According to the Food and Agriculture Organization of the United
Nations (FAQO), cereals account for over 60% of food production
worldwide. In the last decade, world cereal utilization has increased
by 450 million tons. In 2018, the world cereal production was
2611 million tons being rice, wheat and maize the major cereal
crops [1]. From this perspective, the development of improved
new varieties become very important to ensure food security.

It has been more than a decade since the rice genome was
sequenced, the first cereal genome available [2]. Since then, the
number of cereal genomes sequenced has increased; to date, the
genomes of the following species have been sequenced: rice (Oryza
sativa ssp japonica) [2-5], maize (Zea mays) [6, 7], sorghum
(Sorghum bicolor) [8, 9], wheat (Triticum aestivum) [10], barley
(Hordeuwm vulgare) [11], and oat (Avena sativa) (in progress)
[12]. Different sequencing strategies have been applied to obtain
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the genomic content of the cereals. For instance, roughly, the
389 Mb of rice genome, the ~730 Mb of sorghum genome, and
the ~2.3 Gb of maize genome, were sequenced using a BAC-by-
BAC approaches based on physical and genetic maps, and standard
Sanger methodologies [2, 6, 8, 13].

The advent of next-generation sequencing technologies has
revolutionized the field of genomics by sequencing millions of
sequences at low cost and high accuracy [14]. The different
sequencing platforms (Roche 454 Pyrosequencing, Illumina,
Pacific Biosciences (PacBio), Oxoford Nanopore, etc) provide a
robust strategy to access to the genomic content of complex cereal
species such as Wheat, Barley and Oat. In 2012, the 17 Gb hexa-
ploid bread wheat (7. aestivum) genome was sequenced using 454
Pyrosequencing technology [10]. The 5.1 Gb of the Barley (H.
yulgare) genome were sequenced using a robust strategy including
Sanger sequencing, Roche 454 GSFLX Titanium approach and
Illumina GAIIx and Hiseq 2000 sequencing platforms [11]. The
oat (O. sativa) genome whose estimated size is 12.3 Gb, is in pro-
cess to being sequencing using PacBio approach [12]. Additionally,
NGS technologies has allowed to resequence genomes to improve
coverage and therefore annotation. For instance, the entirely new
assembly of the maize genome (B73 RefGen_v4) is constructed
from PacBio Single Molecule Real-Time (SMRT) sequencing at
approximately 60-fold coverage and scatfolded with the aid of a
high-resolution whole-genome restriction (optical) mapping.
The pseudomolecules of maize B73 RefGen_v4 (Accession
PRJNA10769) are assembled nearly end-to-end, representing a
52-fold improvement in average contig size relative to the previous
reference (B73 RefGen_v3) [15].

The development of genomics and next-generation sequencing
(NGS) technologies have enable the discovery of genes and molecular
markers associated with important agronomic traits [ 16, 17]. Many of
these traits have been characterized at genome level, however there
are many other traits that are poorly understood particularly complex
traits that are controlled by many genetic and environmental factors
[16]. Thus, sequencing the genome and the identification of all the
genes for a cereal crop is only the first step toward understanding the
functionality of important agronomic traits.

The gene expression regulation mediated by epigenetic mech-
anisms such as DNA methylation plays an important role to under-
stand such complex traits. Epigenomics refers to a large-scale study
of epigenetics marks on the genome including covalent modifica-
tions of histone tails, DNA methylation and small RNA (sRNA)
machinery [18, 19]. Studies on the DNA methylation patterns and
profiles, has important implications for understanding how certain
regions of genomes are expressed under specific developmental
contexts, environmental conditions, plant-pathogen interaction,
etc. Therefore,a better understanding of the epigenetic modification
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of genomes and, consequently, its impact on gene expression is
likely to have applications in crop improvement [19]. Thus, studies
of gene expression regulation have emerged as a key tool for link-
ing DNA sequence methylation to phenotypes. For instance, it has
been observed that within several plant species such as mangrove
and Agave, it is possible to find populations displaying alternative
phenotypes with not genetic variation but a substantial DNA
methylation differences [20, 21]. In maize, the accumulation of
PEPC and RuBisCO large (rbcL; encoded on chloroplasts) and
small (rbcS; nuclear encoded gene) transcripts have been related to
DNA methylation at the promoter site induced by light [22]. In
rice, a nutrient-specific loss of DNA methylation, which potentially
express genes in a context-specific manner, is playing a role in long-
term stress adaptation [23].

In this chapter, we will describe a bioinformatics strategy to
analyze RNA-seq data, to identify changes in the transcriptome
expression profiles that might be associated to DNA methylation,
and the analysis for candidate genes by bisulfite conversion method.
Briefly, the RNA-seq analysis pipeline described in this chapter
addresses (1) a few considerations to sequence a plant transcrip-
tome, (2) preprocessing of raw Illumina data, (3) estimation of
transcriptome expression profiles, and (4) visualization of the data.
The bisulfite analysis includes (1) DNA extraction, (2) bisulfite
conversion, (3) DNA visualization and PCR analysis, and (4) PCR
product purification and cloning.

2 Materials

2.1 Maize Genomic
Data

2.2 Software
Requirements

2.3 Hardware
Requirements

The bioinformatics strategy described in this chapter considers the
maize genome Gen_ZmB73_v4 as a reference [24] and two RNA-
seq libraries from root and shoot maize samples, obtained from
the Short Read Archive (SRA) under the accession numbers:
SRR822473 and SRR822474, respectively. Briefly, the RNA-seq
libraries were sequenced in Single-End (SE) mode using Illumina
HiSeq 2000 platform obtaining a total of 11 G for shoot sample
and 12 G for root sample [25].

The software used in this chapter is under “open source” license [26].
Operating System: Ubuntu 18.04.1 LTS (http://releases.
ubuntu.com/18.04/).
Bioinformatics tools: SRAToolkit version 2.8.2 [27], FastQC
version 0.11.5 [28], Trimmomatic v.0.38 [29], Bowtie 2 version
2.3.2 [30], HtSeq version 0.10.0 [31], R version 3.5.0 [32].

The bioinformatics analysis described in this chapter were per-
formed on a Red Hat High Performance Computing (HPC)
solution with 19 computing nodes; processors 2 8-cores Intel
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2.4 Biological
Materials

2.5 Reagents,
Solutions, Materials,
and Instrumentation

Xeon E5-2670; 128 GB/node RAM. And LENOVO-PC with an
Intel(R) Core(TM) i7-6700 CPU at 3.40 GHz x86_64 processor;
16G-RAM and Ubuntu 18.04.1 OS.

100 mg of maize second leaves from 12-days germinated plantlets
were used for DNA methylation analysis. The material was col-
lected from 5 plantlets grown in 50% of relativity humidity, 28 °C
and 16/8 photoperiod.

1.

VXN e

—
e

11.
12.

13.
14.
15.
16.
17.

18.
19.
20.
21.
22.
23.
24.
25.

EZ DNA Methylation Kit (D5001, Zymo Research), which
contains the CT-Conversion Reagent, M-Dilution Bufter,
M-Binding Buffer, M-Wash Buffer, M-Desulfonation Bufter,
M-Elution Butffer, and Zymo-Spin™ IC Columns.

Qubit dsDNA kit (Invitrogen) (optional).

Wizard® SV Gel and PCR cleanup system.

Pure Link Plasmid Mini Prep kit (Invitrogen).

PCR Cloning kit Zero Blunt TOPO for sequencing.
RNase A (20 mg/mL stock, Invitrogen).

PCR4 Blunt-TOPO vector (Thermo Fisher).
Ampicillin (A939, Sigma-Aldrich).

TE bufter: 10 mL of 1 M Tris-HCI pH 8.0, 2 mL of 0.5 M
EDTA solution to 1000 mL with distilled H,O.

CTAB buffer (100 mM Tris—-HCI pH 8.0; 20 mM EDTA;
1.4 M NaCl; 2% CTAB; 2% PVD).

Chloroform: Isoamyl-OH (24:1).

Agar LB media: 8 gL.™! agar (A7002, Sigma-Aldrich), 20 gL
LB Broth Lennox (L3022, Sigma-Aldrich).

Hyperladder IV size marker (Bioline).
Loading butffer.

Liquid nitrogen.

Mortar and pestle.

Micropipettes and tips (2-20 pL, 20-200 pL, and
100-1000 pL).

Falcon tubes (50 mL).

Centrifuge tubes (50 mL).

Eppendorf centrifuge tubes (1.5 and 2 mL).
Refrigerated centrifuge.

Vortex.

Rotating mixer.

Freezer (—80 °C).

Cold room or refrigerator (4-8 °C).
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26. Thermocycler.

27. Agarose electrophoresis equipment.

28. UV transilluminator.

29. NanoDrop (ND-1000 spectrophotometer-Thermo).
30. Qubit lector (Invitrogen) (optional).

3 Methods

3.1 Transcriptome
Sequencing
Considerations

3.2 Quality
Assessment
of Sequences
Using FastQC

To measure transcriptome expression a sequencing platform that
provides deep sequencing is recommended, such as Illumina.
Usually, the sequencing cost set the limits to the amount of
sequences to generate and, consequently, the biological outcomes.
However, there are a few issues to be considered [33, 34]:

1. Single-end (SE) or Paired-end (PE) reads. The use of paired-
end reads rather than single end reads will significantly improve
a de novo transcriptome assembly, however, paired end reads
are more expensive and time-consuming to perform than
single-end reads. In paired-end mode (PE), the reading starts
at on end, finishes this direction, and then starts another round
of reading from the opposite end of the fragment.

2. The read length. It is possible to specity the number of base
pairs for the read length. Longer reads can provide more reli-
able information and is a major driver in the robustness of a de
novo transcriptome assembly, however it is usually more
expensive to generate longer reads.

3. Coverage. Determining coverage for RNA sequencing is com-
plicated due to transcripts are expressed at different levels.
This means that more reads will be sequenced from highly
expressed genes, and few sequences will be captured for low
expressed genes. Several reviews articles highlight the consid-
erations for coverage estimation and the reader is referred to
these for an in-depth discussion of the coverage for RNA-seq
studies [ 35, 36].

The majority of high throughput sequencing platforms run under
similar principle. First, the chemistry reactions requires to add plat-
form specific adapter sequences to the ends of each DNA sequence
to provide anchorage and priming points for the sequencing reac-
tion. Second, sequencing progresses by running a chemistry cycle
which adds a tagged nucleotide to extend the sequence. As the num-
ber of sequencing cycles performed is increased the average quality
of the base calls falls. The rate at which this fall happens will vary
according to the type of sequencer used, the version of the sequenc-
ing chemistry and the nature of the library being sequenced [37].
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3.3 Removing Low
Quality and Adapter
Sequences Using
Trimmomatic

Thus, to identify low quality reads and adapter sequences,
prior any downstream analysis, a QC checking of the sequences is
necessary.

FastQC is a quality control application for NGS data [28]. The
output is an HTML file containing a series of QC analyses. Each
analysis is flagged as pass, warning or fail. The HTML file can be
visualized using an internet browser such as Chrome, Firefox, etc.
Briefly, the QC analyses include the following measurements: (1)
Per base sequence quality, (2) Per sequence quality scores, (3) Per
base sequence content, (4) Per base GC content, (5) Per sequence
GC content, (6) Per base N content, (7) Sequence length distribu-
tion, (8) Sequence duplication levels, (9) overrepresented
sequences, and (10) Kmer content.

Box 1: FastQC command line. The —extract flag show the output file in
unzipped format; the —ouzdir flag points out to the output directory; the
—fflag indicates the format of in the input file

A typical FastQC command in the Linux shell follows the next syntax:

$ fastgc --extract --outdir=</path/to/my/output_
directory> -f fastq <raw_sequences filel.fastqg>
<raw_sequences_fileN.fastg>

The following command line was applied to the Illumina data used for
the purpose of this chapter:

$ fastqc --extract --outdir=~/fastqc_raw _data/ -f
fastq ~/SRR822473 root.fastq ~/SRR822474 shoot.
fastqg

Per base sequence quality analysis is represented in a BoxWhisker
plot, this section of the report is probably the one that receives most
attention. A boxplot is produced for every base-position in the read
shown on the x-axis. The central line and yellow box represent the
median and interquartile range in the usual manner (Fig. 1). The
quality for each base is shown on the y-axis based on Phred quality
scores. The overrepresented sequences analysis will show if the
dataset is contaminated with adapter sequences. The reader is
referred to the manual for more information about the FASTQC
output [28] (see Notes 1 and 2).

Trimmomatic is a command line application to remove adapters,
trim and crop Illumina sequences in fastq format [29] in which the
parameters are specified by the user (Box 2). Since the sequence of
the adapters used for a given library is known ahead of time, it is
possible to explicitly screen for that sequence within the library to
identify which reads contain adapter. Adapter trimming is the stan-
dard approach to remove the adapter sequence. A search for the
adapter sequence is performed for each read, and the read is trun-
cated to the point where the adapter is found to start.
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Fig. 1 Reads quality overview for root and shoot RNA-seq data. The BoxWhisker plots show the quality scores
(y-axis) for all the bases at each position of the read (x-axis). The background of the graph is divided in three
colors: (1) green for the good quality calls, (2) yellow for reasonable quality calls, and (3) red for poor quality calls

3.4 Genome
Alignment Using
Bowtie2

Box 2: Trimmomatic command line. The ILLUMINACLIP argument
points out to the file TruSeq2 (used in Illumina GAII platform) and
TruSeq3 (used by Illumina HiSeq and MiSeq platforms) that contains a list
of adapter sequences to be trimmed. LEADING and TRAILING argu-
ments remove low quality or N bases below the quality number specified
by user. For Illumina reads a minimum quality of 20 (based on Phred-
score) is recommended. SLIDINGWINDOW argument is used for scan-
ning the reads with a 4-base sliding window and cutting when the average
quality per base drops below 20
The basic command line for SE data follows the next syntax:

$ java -jar trimmomatic-0.38.jar SE -phred33 input.
fq.gz output.fq.gz ILLUMINACLIP:TruSeq3-SE.
fa:2:30:10LEADING: 20 TRAILING: 20 SLIDINGWINDOW:4:15
MINLEN:50

The following command line was used for the purpose of this chapter:

$ java -jar trimmomatic-0.38.jar SE -phred33
SRR822473 root.fastqout root.fastqILLUMINACLIP:
TruSeq3-SE.fa:2:30:10 LEADING:20 TRAILING:20
SLIDINGWINDOW:4:20 MINLEN:30

The reader is referred to Trimmomatic manual for more infor-
mation (se¢ Notes 2 and 3).

The sequences aligners use “sequence similarity” strategies to infer
how and where the reads are located within a sequence reference
(i.e., a genome). Bowtie 2 is an ultrafast and memory-efficient
command line tool for aligning sequences to a long reference [30,
38]. The first step to align sequences to the reference genome is to
build a genome-based index (Box 3).
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Box 3: Bowtie-build command line. The —f argument specifies the refer-
ence input file is in FASTA format; followed by genome sequence FASTA
file and the base-name of the index file. For the purpose of this chapter the
maize genome v4 was used as reference (Gen_ZmB73_v4; https://www.
maizegdb.org/)

The basic command line is:

$ bowtie2-build [options]# <reference in> <bt2 base>

The following command line was used to build a maize genome (v4)
index:

$ Dbowtie2-build -f /path/to/file/Zea mays.B73_
RefGen v4.dna.toplevel.fa /path/to/file/bowtieIdx

By default, bowtie2-build writes six small index files; in this
example the files were named as bowtieldx.1.bt2, bowtieldx.2.bt2,
bowtieldx.3.bt2, bowtieldx.4.bt2, bowtieldx.rev.1.bt2, and bow-
tieldx.rev.2.bt2.

Bowtie 2 performs an end-to-end alignment by default, which
means that searches for alignments involving all the bases within a
read. However, bowtie 2 also supports local alignments which does
not require reads to align entirely. For local alignments, bowtie 2
might “trim” some read characters from one of both ends of the
alignment to maximize the alignment score. The best possible
alignment score in end-to-end mode is 0, it means there are no
difference between the read and the reference. A score is calculated
by subtracting penalties for each difference found (mismatch, gap,
etc.). Conversely, in local alignment mode, the score is calculated
adding bonuses for each match.

Box 4: Bowtie2 command line. The —x argument points out to index files.
Single-end (SE) reads are specified with —U argument
The basic command line is:

$ bowtie2 -x <bowtieIdx basename> -U <input file
name> -S <output file.SAM>

The command line to align high quality reads from root and shoot
RNA-seq libraries to the maize reference genome, were:

$ bowtie2 -x /path/to/file/Corn_genome Idx/bowtie-
Idx -U /path/to/file/out root.fastq -S /path/to/
file/bowtie_out_root.sam

$ bowtie2 -x /path/to/file/Corn_genome Idx/bowtie-
Idx -U /path/to/file/out_shoot.fastq -S /path/to/
file/bowtie_out_shoot.sam

The bowtie2 output file is a set of alignments in SAM format.
The index is specified only by the file base-name (i.e., bowtieldx),
the file extension (0.1.bt2, 0.2.bt2, etc.) are not included (Box 4).
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3.5 Gene Expression
Quantification Using
HTSeq
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The output file is a set of alignments in SAM format, in which
each line is a collection of at least 11 mandatory fields separated by
tabs [39]. Thus, from left to right, the fields are (1) Name of read,
(2) Sum of all applicable flags, (3) Name of reference sequence, (4)
1-based oftset into the forward reference strand where leftmost
character of the alignment occurs, (5) Mapping quality, (6) CIGAR
string representation of alignment, (7) Name of reference sequence
where mate’s alignment occurs, (8) 1-based offset into the forward
reference strand where leftmost character of the mate’s alignment
occurs, (9) Inferred fragment length, (10) Read sequence, and
(11) ASCII-encoded read qualities, and (12) subsequent optional
fields can be specified by the user.

At the end of the run, bowtie2 provides a summary of the
alignment statistics and the overall alignment rate (Table 1).

The reader is referred to Bowtie 2 manual and SAMtools for-
mat guide for more details (see Notes 2, 4, and 5).

HTSeq is a python-based command line application that simplifies
working with data associated to genomic coordinates, for instance,
values attributed to genomic positions or genomic intervals
(genomic features such as exons or genes). One of the HTSeq
tools is htseq-count that process RNA-seq alignments for expression
analysis. The btseq-count application takes one or more alignment
files in SAM/BAM format and calculates the number of mapped
reads for each feature according to a General Feature Format
(GFF) file [31] (Box 5).

Box 5: Htseq-count command line. The most relevant arguments are:
--format, describes the alignment file format (SAM or BAM); —-stranded,
specifies whether the data is from a strand-specific assay (default: yes);
—-type, that points out to the feature type located in the third column of
the GFF file; and —idattr, which is the GFF attribute to be used as feature
ID

A typical command line to execute btseq-count is:

Shtseg-count [options] <alignment file> <gff file>
> output.file. txt

The following command line was used to quantify maize root RNA-seq
reads aligned to maize reference genome (see Note 6):

$ htseq-count --mode=union --nonunique none
--stranded=no --format=sam --idattr=gene_ id
--type=gene /path/to/file/bowtie_ out_ root.sam /
path/to/file/Zea_mays.B73 RefGen v4.42.gff3 > /
path/to/file/gene_root_count. txt

Assigning a read to a feature (gene, exon, etc.) is not a trivial
task, btseq-count operates using three different modes to handle
reads that overlaps several genes or features through the —» (mode)
argument. The “union” mode is set up by default, and it is
recommended for most use cases, in which the read is assigned to
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Table 1
Summary of the alignment statistics and the overall alignment rate

Root Shoot
Total reads 44,756,082 51,002,585
Unpaired reads 44,756,082 (100%) 51,002,585 (100.00%)
Aligned 0 times 6,193,636 (13.84%) 6,747,888 (13.23%)
Alligned exactly 1 time 25,056,340 (55.98%) 28,419,416 (55.72%)
Aligned >1 times 13,506,106 (30.18%) 15,835,281 (31.05%)
Overall alignment rate ~ 86.16% 86.77%

Table 2
Example of an expression matrix of maize root and shoot transcriptome abundances expressed in
TPM values
Raw counts from Expression
htseq-count Normalization factors values in TPM
Gene
Score Gene length PM TPM
Gene name shoot length (Kb) RPKroot RPK shoot root shoot
Zm00001d031168 70,306 28943 1119 1.119 62,829 25865 13,099 3775
Zm00001d048611 28,298 16,328 772 0.772 36,655 21,150 7642 3086
Zm00001d027652 68,114 31,545 2055 2.055 33,145 15,350 6910 2240
Zm00001d029558 14,247 2 539 0539 26,432 4 5511 1
Total RPK*: 4.796,529 6,852,518

Per million factor:

5 7

“The table shows only four genes. The total RPK value includes the sum of all the 39,592 genes in the maize genome

a feature if a given read overlap entirely, partially (more than 50%
of the read length) or it is separated by an intron. The output file
is a tabular file containing in the first column the attribute used as
feature ID, in this case the “gene_id”, and a second column con-
taining the raw counts for each selected feature in the genome (i.e.,
gene) (Table 2; see Note 6). Reads classified as “__ambiguous” are
those which could have been assigned to more than one feature
and hence were not counted for any of the features; reads classified
as “__no_feature” are those which could not be assigned to any
feature. These “special counters” are located at the bottom of the
output file. The reader is referred to HTSeq website and manual
for more detailed information about this application (se¢ Note 2).
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Visualization Using
Heatmaps
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To compare RNA levels across different samples a data normaliza-
tion is required. Various normalization approaches have been pro-
posed and it is a key step of data processing as it has a profound
etfect on the results of the analysis. The aim of normalization is to
handle sequencing depth variation and gene length. The most fre-
quently reported RNA-seq expression values are: RPM (Reads Per
Million mapped reads), RPKM or FPKM (Reads or Fragments Per
Kilobase of exon model per Million mapped reads) and TPM
(Transcripts Per Kilobase Million) [40].

There are several excellent reviews on RNA-seq data normal-
ization in which the limitations for each method are deeply dis-
cussed. The reader is referred to these papers for additional details
[36,41-44] (see Note 2).

Transcripts Per Kilobase Million (TPM) method has been
reported to effectively normalize for the differences in composi-
tion of the transcripts rather than simply dividing the number of
reads in the library [ 36, 43]. Thus, this method is considered more
effective to compare samples of different origins and composition
(although it is not free from bias). In the TPM normalization
method, gene length is normalized first and sequencing depth sec-
ond. Using this method the summation of all TPMs for each sam-
ple are the same, which makes easier to compare the proportion of
mapped reads in each sample [44]. Consequently, an expression
matrix containing TPM expression values is created for down-
stream analysis (Table 2; see Note 7).

To calculate TPM [44]:

1. To obtain “reads per kilobase (RPK)”, divide the reads counts
by gene length expressed in kilobases (see Note 7; Table 2).

2. To obtain “per million” factor, calculate the sum of all RPK
values in a sample and divided by million (Total

RPK,/1,000,000) (Table 2).

3. To obtain TPM, divide each RPK value by “per million” factor
(Table 2).

A heatmap is a graphical representation of data where individual
values contained in a matrix are represented as colors [45]. A heat-
map allows to simultaneously visualize clusters of samples and fea-
tures and can be created using a function of R [46]. A few
considerations to manage the data for a heatmap plotting: (1) Use
normalize data; (2) Transforming the data to a logarithmic scale is
useful to reduce the large scale when dataset covers a broad range
of'values (see Note 8); (3) Normalized and transformed expression
values can be storage in a “Comma Separated Value (CVS)” file
format to be read by R (Box 6). For the purpose of this chapter, a
subset of maize root and shoot genes were selected and plotted as
heatmap (Fig. 2).
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3.8 Bisulfite Analysis

Box 6: The basic pipeline to create a heatmap for Log2 transformed TPM
expression data of maize root and shoot. The most relevant arguments for
heatmap function are described in Note 9
library (gplots)

library (RColorBrewer)

library (heatmap.plus)

# Set of 50 normalized values y TPM and trans-
formed with Log2

data <- read.csv ("~/Xtromes-TPM-Htseqg-Log2.
csv"

# Getting rows names to transform frame values
into matrix wvalues

rnames <- dataf[,1]

mat _data <- data.matrix(data[,2:ncol(data)])

# Assign the column names, previously saved as
“rnames”

rownames (mat_data) <- rnames

# Different color names in R can be found at

# http://www.stat.columbia.edu/~tzheng/files/
Rcolor.pdf

coul = colorRampPalette (brewer.pal(8, "PiYG"))
(25)

# Saving the heatmap as PNG file.

# Creating a 5x5 inch image with 300 pixels per
inch.

# [1500 pixels] / [300 pixels/inch] = 5 inches.

# Font size of 8 pt.

png ("~/heatmap-X.png", width =5x300,
height=5%300, res=300, pointsize=8)

# Plotting the heatmap

heatmap.2 (mat_data, cellnote=mat data,
main="Transcriptome Expression Profile",
notecol="black", density.info="none", trace="none",
cexRow=0.75, cexCol=0.75, margins=c(3,6), col=coul,
dendrogram="row" ,Colv="NA")

# Closing device to access to the png object

dev.off ()

Heatmaps plots are an excellent tool for expression data visual-
ization. The reader is referred to great online tools and tutorials for
more in-depth information about heatmaps (se¢ Note 2).

Once the transcriptome expression profile revealed the candidate
genes (Fig. 2), the next step is validation of the expression level
related to DNA methylation along the complete sequence of the
gene. For this propose, bisulfite analysis allows to identify the meth-
ylated status and the context of methylation of a gene [47]. This
technique is widely used to analyze the context of methylation and
to understand the mechanisms by which the epigenetic regulation
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Transcriptome Expression Profile

:

Fig. 2 Maize transcriptome expression profiles. A subset of maize genes were selected to plot the shoot and
root transcriptomes expression profiles. The raw counts derived from mapped reads to the maize (v4) genome
were normalized by transcripts per kilobase million (TPM). The TPM expression values were transformed as
Log2(TPM+1) and plotted using heatmap.2 from R

ofa specific gene drives the expression level. The main steps to ana-
lyze the content of methylated DNA are described as follow:

3.8.1 DNA Extraction 1.

Total DNA is extracted from 100 mg of fresh tissue, grinded
in a mortar with liquid nitrogen and homogenate with 1 mL
of preheated CTAB buffer at 65 °C.

The homogenate is transferred to a 2 mL Eppendorf tube.

The sample is incubated for 30 min at 65 °C and 10 pL of
RNase A is added.

The sample is incubated for 30 min at 37 °C.

. Add 900 pL CI:Isoamyl-OH, mix gently, centrifuge 3 min at

13,200 x g and recover 800 pL from the upper phase to a new
Eppendorf tube.

Add 800 pL CI, mix gently and centrifuge 3 min at 13,200 x g.

Take the upper phase to a new Eppendorf and add 600 pL of
isopropanol and mix gently.

. Incubate the sample for 1 h on ice, centrifuge 20 min at

13,800 x g at 4 °C and wash twice with 600 pL of 80% cold
ethanol.
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3.8.2 Bisulfite
Conversion

3.8.3 DNA Visualization
and PCR Analysis

9.
10.

10.

11.

12.

13.

1.

Dry the pellet and dissolve it in 50 pLL of TE, 30 min at 55 °C.

Check DNA quality and quantity and run a gel: 0.8% at
80 V. Verify the DNA quantity.

. Use 500 ng of DNA add 5 pL of M-Dilution Buffer (provided

in EZ DNA Methylation Kit) to the DNA sample and adjust
the total volume to 50 pL with water (see Note 10).

Mix the sample pipetting up and down. Incubate the samples
at 37 °C for 15 min. After that add 100 pL of the prepared CT
Conversion Reagent to each sample and mix very well.

Incubate the sample in the dark at 50 °C for 12-16 h.

. Incubate the sample on ice for 10 min (see Note 11).
. Add 400 pL of M-Binding Buffer to a Zymo-Spin™ IC

Column and place the column into a provided collection tube.

Load the sample that was incubated on ice into the Zymo-
Spin™ IC Column containing the M-Binding Bufter. Close
the cap and mix by inverting the column 10 times.

. Centrifuge at 10,000 x g for 1 min. Discard the

flow-through.

. Add 100 pL of M-Wash Buffer to the column and centrifuge

at 10,000 x g for a min.

Add 200 pL of M-Desulfonation Buffer to the column and let
stand for 20 min at 25 °C. After the incubation, centrifuge the
sample at 10,000 x g.

Add 200 pL of M-Wash Buffer to the column and centrifuge
at 10,000 x g for 30 s.

Add another 200 pL of M-Wash Bufter and centrifuge for an
additional 30 s.

Place the column into a 1.5 mL microcentrifuge tube and add
10 pL. of M-Elution Bufter directly to the column matrix.

Centrifuge the sample for 30 s at full speed to elute the
DNA. The DNA is ready for immediate analysis or can be
stored at or below —20 °C for later use.

100 pg of the converted DNA is analyzed in 2% agarose gel by
electrophoresis to measure the recovery and fragmentation of
DNA.

After the electrophoresis, chill on ice the gel for 5-10 min (see
Note 12). After this, the expected sweep between 1500 and
100 bp can be visualized in a gel-digitizer.

For PCR analysis, mix 200 ng DNA templates, 1 uM forward
primer, 1 pM reverse primer, 0.2 pL dNTPs, 0.2 pL high-
fidelity Taq Polymerase and 4 pL of Taq buffer in a total vol-
ume of 20 pL (see Note 13).
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. The PCR program consist in 35 cycles of 20 s at 95 °C of

denaturation, annealing for 30 s at 55—-60 °C and an extension
period of 60 s at 62 °C and a final extension of 10 min at
62 °C.

. PCR products have to be examined on 2% agarose gel, by

loading 5 pL PCR product and 5 pL loading buffer. Use a
Hyperladder IV size marker to determine the molecular
weight of the products.

. Purify the amplified products using the Wizard® SV Gel and

PCR Clean-Up System according to the manufacturer’s
protocol.

. Clone the amplified PCR products into PCR 4 Blunt-TOPO

vector using PCR Cloning kit Zero Blunt TOPO for
Sequencing, as per the manufacturer’s instructions and trans-
tormed into Escherichin coli DH5a competent cells.

. Culture bacteria on LB agar selective media containing

100 mg mL-! ampicillin and the transformed colonies can be
screened by PCR. Then, plasmids are purified with Pure Link
Plasmid Mini Prep kit, and 25-50 ng of plasmid is ready to
sequencing.

4 Notes

. For Paired-End reads, the quality assessment and preprocess-

ing of the reads need to be applied to each file in the pair.

. Useful Links.

*  FASTQC manual:

https://biof-edu.colorado.edu/videos/dowell-short-
read-class/day-4 /fastqc-manual

e Trimmomatic manual:

http://www.usadellab.org/cms/uploads/supplemen-
tary/Trimmomatic/TrimmomaticManual_V0.32.pdf

e Bowtie 2:

http://bowtie-bio.sourceforge.net/bowtie2 /manual.
shtml

*  SAMtools:
http:/ /samtools.sourceforge.net/
*  HTSeq:


https://biof-edu.colorado.edu/videos/dowell-short-read-class/day-4/fastqc-manual
https://biof-edu.colorado.edu/videos/dowell-short-read-class/day-4/fastqc-manual
http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic/TrimmomaticManual_V0.32.pdf
http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic/TrimmomaticManual_V0.32.pdf
http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
http://samtools.sourceforge.net/
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https:/ /htseq.readthedocs.io/en/release_0.11.1/

https: //htseq.readthedocs.io/en/release_0.11.1 /count.
html

https:/ /htseq.readthedocs.io/en/master,/count.html

e GFF file format:

https://www.ensembl.org/info /website /upload /gftt.
html

*  RPKM, FPKM and TPM:

https://www.rna-seqblog.com/rpkm-fpkm-and-
tpm-clearly-explained /

*  Heatmaps tutorials:

https:/ /jcoliver.github.io /learn-r/006-heatmaps.html

https:/ /www.rdocumentation.org/packages/stats /ver-
sions/3.5.3 /topics /heatmap

https://sebastianraschka.com /Articles/heatmaps_in_r.
html

https://www.statisticshowto.datasciencecentral.com/
probability-and-statistics /z-score /

3. Preprocessing steps could be time consuming depending on

the file size. It is recommended to perform the preprocessing
of the sequences based on the user needs and not running the
applications by default options.

. Bowtie 2 (.bt2) index format is different from Bowtie 1

(.ebwt) format, and they are not compatible with each other.

. Bowtie 2 is recommended for reads longer than 50 bp and

there is no upper limit on read length. For relatively short
reads (less than 50 bp) bowtie 1 is faster and more sensitive
and the upper limit of read length is about 1000 bp.

When aligning PE reads the file with forward reads should
be specified using the —1 argument and the reverse reads
should be specified using —2 argument. The basic command
line to run PE mode is:
$ bowtie2 -x /path/to/bowtie_index -1 /path/

to/fastq_1.fq -2 /path/to/fastq 2.fq -S /path/
to/output file.sam

6. The htseq-count output file is a text tabular file containing

usually two columns, the first column is the feature (in this
example “gene_id” was used as a feature) and the second col-
umn shows the raw counts for each feature. One output file
per sample is created. An example for root and shoot raw
counts file, respectively, is shown:


https://htseq.readthedocs.io/en/release_0.11.1/
https://htseq.readthedocs.io/en/release_0.11.1/count.html
https://htseq.readthedocs.io/en/release_0.11.1/count.html
https://htseq.readthedocs.io/en/master/count.html
https://www.ensembl.org/info/website/upload/gff.html
https://www.ensembl.org/info/website/upload/gff.html
https://www.rna-seqblog.com/rpkm-fpkm-and-tpm-clearly-explained/
https://www.rna-seqblog.com/rpkm-fpkm-and-tpm-clearly-explained/
https://jcoliver.github.io/learn-r/006-heatmaps.html
https://www.rdocumentation.org/packages/stats/versions/3.5.3/topics/heatmap
https://www.rdocumentation.org/packages/stats/versions/3.5.3/topics/heatmap
https://sebastianraschka.com/Articles/heatmaps_in_r.html
https://sebastianraschka.com/Articles/heatmaps_in_r.html
https://www.statisticshowto.datasciencecentral.com/probability-and-statistics/z-score/
https://www.statisticshowto.datasciencecentral.com/probability-and-statistics/z-score/
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Root counts:

Zm00001d031168 70,306
Zm00001d048611 28,298
Zm00001d027652 68,114
Zm00001d029558 14,247

Shoot counts:

Zm00001d031168 28,943
Zm00001d048611 16,328
Zm00001d027652 31,545
Zm00001d029558 2

The next step is create a united matrix (table) file, contain-
ing the raw counts for all the samples. The first column should
display the feature (“gene_id”). Second, third, etc., columns
should display the raw counts for each gene of each sample.

. The first step to obtain TPM expression values is to calculate

the length for each gene in the genome. This can be done by
processing the GFF file. Due to the GFF file size and the ver-
satility of Linux, the Linux shell is the best option to process
this file. The e¢grep and cut commands can be applied as a pipe-
line to obtain the information for each gene. The egrep com-
mand would select all the rows containing the word “gene”;
cut command, with the —f flag, would cut the selected col-
umns. In this example the column 4 contains the starting
coordinate of the gene, the column 5 contains the ending
coordinate of the gene and column 9 contains the gene name.
The command line to parse the maize GFF file is:

$ egrep "gene" path/to/Zea mays.V4.gff3 | cut
4,5,9 > /path/to/maize _gene coords file.txt

To sort the columns in the output file use the sort com-
mand. The —% flag indicates to sort by specific column. The
awk command prints sorted columns by gene name, starting
coordinate and ending coordinate separated by comma. The
output file will contain the gene name, the first and last coor-
dinate for each gene:
$ sort -k 3 /path/to/maize gene coords file.

txt | awk ‘{print $3 “,” $1 “,” $2}’ > /path/
to/maize_gene_ coords_sorted file.txt

A second step needs to be performed to obtain the length
tor each gene by calculating the difference between the last
and first coordinate.

The maize genome file and GFF file for maize reference
genome (v4) was obtained from ftp://ftp.gramene.org,/pub/
gramene /release-60 /fasta/zea_mays/dna/


ftp://ftp.gramene.org/pub/gramene/release-60/fasta/zea_mays/dna/
ftp://ftp.gramene.org/pub/gramene/release-60/fasta/zea_mays/dna/
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8.

10.

11.
12.

13.

The scale attribute in a heatmap indicates if the values should
be centered and scaled. The default option is “row” and auto-
matically transform the data into a Z-score metric [—1a, —0,
+1la]. The Z-score is a measure of distance in standard devia-
tion from the plate mean. The reader is referred to several
great tutorials and on line tools for more information about
Z-score calculations (see Note 2).

On the other hand, using a log-transformed expression val-

ues models proportional changes in the gene expression
rather than additive changes. Transforming the values to
Log2(TPM+1) will transform zero counts to 1 and log2 will
compress the scale keeping the proportional changes in gene
expression (Fig. 2).
All the arguments for a heatmap.2 can be defined by the user.
In Fig. 2 the arguments used were: cellnote (matrix of charac-
ter strings which will be placed within each color cell); notecol
(specifies the color for cellnote); main (defaults to none); den-
sity.anfo (indicates whether to superimpose a “histogram,” a
“density” plot or “none” on the color key); trace (indicates
whether a solid trace line should be drawn across “rows,”
“columns,” “both,” or “none.” Defaults to “column”); cex-
Col, cexRow (a positive number for the row or column axis
labeling); margins (a numeric vector of length 2 containing
the margins for column and row names, respectively); col
(color used for the image); dendrogram (indicates whether to
draw “none,” “row,” “column,” or “both” dendrograms.
Defaults to “both”); Colv (determines how the column den-
drogram should be reordered).

For more information about heatmap.2 arguments:
https://www.rdocumentation.org/packages/gplots /ver-
sions/3.0.1.1 /topics/heatmap.2

Another options for Bisulfite conversion kits are:
MethylDetector Bisulfite Modification Kit (Active Motif),
Methyl SEQr Bisulfite Conversion Kit (Applied Biosystems),
Methyl Easy Kit (Diagenode), MethylCode Bisulfite
Conversion Kit (Invitrogen).

Samples may be storage at 4 °C up to 20 h.

Cool down the gel for 5-10 min, allowing for the insertion of
the ethidium bromide to the DNA to make it visible.

The oligos design is a key step to obtain the gene fragment to
analyze. The primer size is important for bisulfite PCR. The
primers are usually between 26-30 bases and the resulted
amplicon should be relatively short, between 150 and 300 bp.
During the primer design is important to consider that prim-
ers should not contain CpG sites. It is also important to note
that only one strand of the bisulfite-converted template will
be amplified by any given primer set. The free-online tool


http://density.info
http://density.info
https://www.rdocumentation.org/packages/gplots/versions/3.0.1.1/topics/heatmap.2
https://www.rdocumentation.org/packages/gplots/versions/3.0.1.1/topics/heatmap.2
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Bisulfite Primer Seeker by Zymo Research or Kismeth pro-
gram is recommended for primer design [48].

To ensure optimal amplification of the specific target, test
the annealing temperature gradient for every new primer set.
Additionally, 35 to 40 cycles are recommended for amplifica-
tion. The cycles start at 95 °C for nonspecific amplification.
The optimal annealing temperature is 55-60 °C.
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Genome-Wide Identification of Regulatory DNA Elements
in Crop Plants

Zhanijie Li and Kai Wang

Abstract

cis-regulatory DNA elements (CREs) are noncoding but functional DNA sequences. The binding of regu-
latory proteins into CRE regions leads to chromatin high sensitive to DNase I digestion, which are termed
as DNase I hypersensitive sites (DHSs). These DHSs can be efficiently detected through DNase I digestion
followed by high-throughput DNA sequencing (DNase-seq). Thus, DNase-seq has become a powerful
technique for DHSs mapping at whole-genome level in both plants and animals. Here we describe a
DNase-seq procedure modified and developed for crop plants. These plants usually contain large amounts
of repetitive sequences and complex organic constituents. With the main improvement in nuclei isolation,
this method has been successfully used in mapping DHSs in cotton and sugarcane.

Key words DNase-seq, Regulatory DNA elements, Open chromatin, Transcription factor
occupancy

1 Introduction

As the pace of genome sequencing has been significantly acceler-
ated, more and more plant genomes have been sequenced in the
last few years. However, the transcriptional control of biological
processes, like development, differentiation, and cell response to
the environment, is largely unknown. These processes are orches-
trated and regulated by the binding of transcription factors to cis-
regulatory DNA elements (CREs), mainly promoters and enhancers
in plants [1]. DNase I hypersensitive site (DHS) mapping has his-
torically recognized as a powerful tool for genome-wide identifica-
tion of different types of regulatory elements [2]. DHSs
identification is traditionally carried out using Southern blot
hybridization-based approach [3, 4], and subsequently followed
by microarray-based method (DNase-chip) [5, 6]. Recently, high
throughput sequencing-based genome-wide DHS mapping
(DNase-seq) has been developed in several model animal species,
including yeast [6, 7], human [ 5, 8], and Drosophila melanogaster

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
https://doi.org/10.1007/978-1-4939-9865-4_8, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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[9]. The DNase-seq method has obvious advantages over the
Southern-blot or microarray-based approach, such as high-
throughput and no need of prior information. Many valuable
information has been obtained using this method for identifying of
cis-regulatory DNA elements in model eukaryotes.

The assessment of chromatin accessibility in plants starts late,
only limited successful applications genome-wide DHS mapping
using DNase-seq method were reported in plants [10-14], espe-
cially in crop plants. This might attribute to the technical difficulty
itself and technique challenge as for plant with large genome size
and complex organic constituents of crop plants. In our lab, we
have established the DNase-seq procedure to fit for crop plants
with an improvement in nuclei isolation, and successfully make a
genome-wide DHS mapping in cotton using this method.

2 Materials

2.1 Plants

2.2 Nuclei Isolation

2.3 DNase

I Digestion, DNA Plug
Preparation

and Pulsed-Field Gel
Electrophoresis (PFGE)

Any crop plants with a sequenced genome can be used for DNase-
seq analysis. Plant tissues at different biological processes like dif-
ferentiation, development, and response to the environment can
be used for DNase-seq experiments.

. Corning conical tubes (50 mL).

. Miracloth (Calbiochem).

. Centrifuge with swing bucket rotor with cooling system.
. Spatula.

. Nylon paintbrush.

. Nuclei isolation buffer (NIB): 10 mM Tris—HCI, 80 mM KClI,
10 mM EDTA, 1 mM spermidine, 1 mM spermine, 0.5 M
sucrose, pH 9.5. Store at 4 °C. Supplement with 0.15% (v/v)
B-mercaptoethanol and 1.0 mg/mL polyvinyl pyrrolidone
(PVP) before use (see Note 1).

7. Nuclei washing buffer (NWB): Freshly add Triton X-100 into
NIB to a final concentration of 0.5% (v/v) to prepared NWB
(see Note 2).

8. Nuclei digestion buffer (NDB): 10 mM Tris—-HCI, 10 mM
NaCl, 3 mM MgCl,, pH 7.4. Store at 4 °C.

QN U1 W N~

. Eppendorf tubes (1.5 mL, 2.0 mL).
. DNA plug modes (Bio-Rad).
. Metal baths preset to 37 °C, 75 °C, and 45 °C.

. Pulsed-field gel electrophoresis (PFGE) (CHEE-DRII system,
Bio-Rad).

5. Gel staining shaker.

[ I ST NS ]



2.4 DNase-Seq
Library Construction

11.
12.
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. 10 U/pL DNase I (RNase-free) and 10x incubation buffer

(Roche).

. Stop solution: 50 mM EDTA, pH 8.0.
. InCert low-melt agarose (Lonza).

. Seakem® HGT agarose (Lonza).
10.

LIDS bufter: 1% (w/v) LIDS (lithium dodecyl sulfate, Sigma),
10 mM Tris—-HCI, pH 8.0, 100 mM EDTA.

0.5x TBE butfter: 45 mM Tris-borate, 1 mM EDTA, pH 8.3.
Yeast chromosome PFG marker (NEB).

. Bench-top centrifuge for 1.5- and 2.0-mL microcentrifuge

tubes.

2. Metal baths preset to 65 °C, 95 °C.

. Thermocycler.

4. TBE PAGE gels (4-20%, premade) and vertical PAGE electro-

phoresis system (Bio-Rad).

. Spin-X filter (Fisher).

6. Dynabeads® M-280 Streptavidin beads and Dynabeads®

12.
13.
14.
15.

16.
17.
18.
19.
20.
21.
22.
23.

MPC®-S Magnetic Particle Concentrator (Invitrogen).

. Razor blade.

. Eppendorf tubes (0.5 mL, 1.5 mL, 2.0 mL).
. Thermo Labquake™ rotator.

10.
11.

T4 DNA polymerase (NEB).

T4 DNA polymerase buffer: 50 mM NaCl, 10 mM Tris—-HCI,
pH 8.0, 10 mM MgCl,, 1 mM dithiothreitol (DTT). Store at
4 °C, add DTT before use.

10 mM dNTP (Roche).
10x NEB Buffer 2 (NEB).
10x NEB Buffer 4 (NEB).

DNA plug dissolving buffer: 10 mM Tris-HCI, pH 8.0,
100 mM NaCl.

10 mM Tris—HCI bufter, pH 8.0.

Tris-saturated pure phenol solution, (pH 8.0) (Sigma).
Chloroform.

Glycogen.

3 M NaOAC (pH 5.2).

10 mg/mL ethidium bromide solution (Invitrogen).

Ice-cold ethanol.
70% ethanol.
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24.
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.
37.

38.

5 U/uL T4 DNA ligase (Roche).

Mmel (NEB).

500 pM S-adenosyl methionine (SAM) (NEB).

rApid alkaline phosphatase (Roche).

1x TE buffer: 10 mM Tris-HCI pH 8.0, 0.1 mM EDTA.

2x B&W buffer: 10 mM Tris—-HCIL, pH 7.5, 1.0 mM EDTA,
2 M NaCl.

0.15 N NaOH (freshly prepared).

KAPA HiFi HotStart PCR Kit (Kapa Biosystems).

10 bp DNA ladder (Invitrogen).

6x Blue/orange loading bufter (Promega).

21 gauge needle (BDMedical).

2100 Bioanalyzer (Agilent Technologies).

Illumina Hiseq 2000,/2500.

The oligos sequences for adaptor I and adaptor II (see Note 3):

Adaptor I: (the underlined and bold sequence is the recogni-
tion site for restriction enzyme Mmel; and several modifi-
cations are used, see Note 4).

Oligol: 5'-Bio-ACAGGTTCAGAGTTCTACAGTCCGAC -3'.
Oligo2: 5'-P-GTCGGACTGTAGAACTCTGAAC-Amm-3'.

Adaptor II: (the barcode sequences are showed in italic and
bold; see Note 5).

Oligol:5'-P-CTTGTATCGTATGCCGTCTTCTGCTTG-3'.

Oligo2: 5-CAAGCAGAAGACGGCATACGATACAAGNN
-3’ (N represents any of A, T, G, and C; see Note 6)

Primer sequences for adaptor I- and II-ligated DNA fragments
amplification:
Primer 1: 5'-CAAGCAGAAGACGGCATACGA-3'".

Primer 2: 5'-AATGATACGGCGACCACCGACAGGTTCA
GAGTTCTACAGTCCGA-3".

3 Methods

3.1 |Isolation
of Nuclei

2.

. Grind the plant tissue into fine powder in liquid nitrogen and

then transfer into a 50 mL ice-cold Corning centrifuge tube,
each tube with about 10 mL powder. Store the powder at
—80 °C if not used immediately (see Note 7).

Add the similar volume of ice-cold NIB to suspend the pow-
der. Stirring the powder using a chilled spatula when adding
the liquid.



3.2 DNase

I Digestion

and Identifying
Optimal DNase
Digestion by Pulsed-
Field Gel
Electrophoresis (PFGE)

10.
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. Gently agitate the tube on ice for about 5-10 min to com-

pletely mix the powder, then filter through four-layer Miracloth
into a new 50 mL Corning tube.

. Centrifuge the filtered solution at 1000 x g x 10 min at 4 °C,

and slowly pour off the supernatant as much as possible.

. Wash the pellet 2-3 times with cold NWB (10 mL NWB for

each washing). The pellet can be resuspend using soft nylon
paintbrush and centrifuge at 1000 x 4 x 10 min for each time.

. Add 10 mL of NDB to equilibrate the nuclei and centrifuge at

1000 x g x 10 min at 4 °C, and remove the supernatant
completely.

. Gently resuspend nuclei in 800 pL of cold NDB using paint-

brush (see Note 8).

. Slowly pipet 80 pL of the nuclei suspension into 6-10 pre-

chilled 1.5 mL Eppendorf tubes by using wide bore tips.
Gently swirl before each transfer (see Note 9).

. Place tubes with nuclei in 37 °C metal bath and allow the

nuclei to equilibrate for 1 min.

. Add various amount of DNase I to each tube with the precise

enzyme amounts specified (see Fig. 1) and mix well by gently
inverting the tubes several times (see Note 9).

. Incubate the tubes at 37 °C for 10 min, and gently invert dur-

ing incubation. Steps 4-5 should be timed carefully.

. Stop the reactions by adding 80 pL of stop solution, mix well

by inverting and place the tubes on ice. Now the total volume
in each tube is approximately 170 pL.

. Prepare 2 mL of 2% InCert low-melt agarose in stop solution,

melt it at 75 °C in metal bath and switch to 45 °C after com-
pletely melted.

. Equilibrate the tubes of the DNase I-digested nuclei at 45 °C

for 1 min. Slowly pipet 170 pL/tube of melt gel agarose into
each tube. Invert several times to mix completely. Slowly trans-
fer 80 pL of the mixture into Bio-Rad plug molds using pipet
with wide bore tips, and set it at 4 °C for solidification. The
volume of each plug is about 80 pL, so each DNase I digestion
sample will require four DNA plugs.

. Carefully release the solidified DNA plugs into 50 mL Corning

tube containing 45 mL of LIDS buffer (keep plugs with difter-
ent DNase I concentrations in separate Corning tubes), and

gently shake at 60 rpm for 1-2 h at room temperature (see
Note 10).

Refresh the LIDS buffer and incubate tubes overnight at 37 °C
without shaking.
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Fig.

DNA marker

U 0 0812 1620 24

—225kb

1 Pulsed-field gel electrophoresis (PFGE) of cotton chromatin partially

digested by DNase I. The nuclei were isolated from cotton leaves and digested by
gradual amount of DNase enzyme for 10 min at 37 °C. The sample digested with
1.2 U DNase I (red arrow) is considered as the optimal digestion

11.

12.

13.

14.

Decant the LIDS buffer as much as possible, and wash plugs
using 50 mL of stop solution at room temperature by gently
shaking the tubes at 60 RPM for 1 h. Five times or more wash-
ing are recommended to ensure no visible detergent-caused
bubbles are left after the final wash.

Store the DNA plugs in stop solution at 4 °C for later use or
run PFGE immediately as follows.

Prepare 170 mL of 1% agarose using 0.5x TBE and pour into
the PFGE-specific gel mold (Bio-Rad). Load one half of one
plug from each DNase I concentration into each well. Using
NEB yeast chromosome PFG marker to size smearing
pattern.

Run PFGE (CHEE-DRII system) with the following parame-
ters: 20-60 s switch time for 17.5 h, 6 V/cm (180 V total) (see
Fig. 1). Keep 0.5x TBE running buffer chilled at 10 °C. After
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electrophoresis, the gel was stained in water with 0.5 pg/mL
EtBr for 0.5-1 h to visualize the smearing profiles under UV
light.

. Choose DNA plugs from optimal concentrations for blunt

ending treatment (se¢ Note 11).

. Wash the four plugs from each chosen concentration within

50 mL of 1x T4 DNA polymerase buffer to completely remove
the EDTA (two times for 1 h each time), shaking at 60 rpm at
room temperature.

. Discard the solution from the 50 mL Corning tube and keep

the DNA plugs at the bottom of the tubes.

. Incubate the DNA plugs with T4 DNA polymerase /butfer in

50 mL Corning tube at room temperature for 4 h to com-
pletely trim the DNA ends (see Note 12). Gently invert the
tubes occasionally. The reaction systems are as follows:

DNA plug: 80 pL.

10x NEB Buffer 2: 12 pL.

10 mM dNTP: 5 pL.

T4 DNA polymerase (NEB): 6 pL.
100x BSA: 2 pL.

ddH,0: 99.2 uL.

Total volume: 204.2 pL

Each component should be scaled up accordingly if multiple
DNA plugs need to be trimmed.

. After reaction, rinse the plugs quickly with 10 mL of 1 x T4

DNA polymerase buffer to remove residual enzyme.

. Transfer each plug to 500 pL of 10 mM Tris-HCI,

pH 8.0,100 mM NaCl and incubate at 65 °C for 15 min to
melt the plugs. Flip each tube every 5 min to make sure the
agarose is dissolved completely.

. Sequentially extract the DNA with an equal volume of phenol,

phenol-chloroform (1:1), and chloroform, respectively.
Precipitate DNA with two volumes of ice-cold ethanol, 1,/10
volume of 3 M NaOAC (pH 5.2), and 1 pL glycogen by incu-
bating at —20 °C for 10 min and centrifuging at 18,506 x g for
16 min at 4 °C.

. Wash DNA pellet with 500 pL of 70% ethanol and centrifuge

at 18,506 x g for 5 min, remove all residual liquid and air-dry
the DNA for 3—4 min at room temperature.

. Resuspend DNA pellet in 15 pL of 10 mM Tris—HCI (pH 8.0)

per DNA plug. This DNA solution can be stored at —20 °C for
future use or immediately go to the following steps.
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3.3.2 Ligation
of Adaptors

1. Anneal the oligos to make adaptor I and adaptor II before
ligate the blunt-DNA to adaptors (se¢ Note 3).

2. Ligation blunt-DNA to adaptor I using T4 DNA ligase by
incubating the tubes at 20 °C overnight. The reaction systems
are as follows:

Blunt-end DNA: 12 pL.

10x ligation bufter: 5 pL.

5 U/pL T4 DNA ligase (Roche): 2 pL
25 pmol/pL adaptor I: 6 pL.

ddH,0: 25 pL.

Total volume: 50 pL

3. Recovery of ligated DNA with adaptor I using gel purification.
Prepare 0.8% low melt gel using 1x TBE containing 10 mM
EDTA (see Note 13). Run the DNA samples from above reac-
tions for 40 min at 80 V in 1x TBE running buffer supple-
mented with 10 mM EDTA (see Fig. 2).

4. Cut out the high molecular weight (HMW) DNA bands at the
top of the gel. Transfer gel pieces from the same sample into
500 pL of DNA plug dissolving buffer, and melt it completely
at 65 °C for 15 min. Gently flip every few minutes.

HMW DNA —

Adaptor | —

Fig. 2 Low melting agarose gel electrophoresis of high molecular weight (HMW)
DNA ligated with adaptor I. The HMW-DNA can be separated from free adaptor |
and appear as a sharp single band. This sharp band should be cut out for DNase-
seq library preparation
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Extract the ligated HMW DNA with the same procedures as
steps 7-9 in Subheading 3.3.1. Finally, resuspend the DNA
pellet in 75 pLL of 10 mM Tris—HCI (pH 8.0). The DNA solu-
tion can be stored at —20 °C or immediately used for the next
steps.

. Trim the adaptor I-ligated DNA fragments at 37 °C for 1.5 h

by using Mmel (see Note 14). Prepare the Mmel digestion
system as follows:

Adapter I-ligated HMW DNA: 75 pL.

10x NEB Buffer 4: 10 pL.

500 pM SAM (S-adenosyl methionine): 10 pL.
Mmel: 5 pL.

Total volume: 100 pL

. After Mmel digestion, add 3 pL of rApid alkaline phosphatase

and continue to incubate at 37 °C for additional 1 h.

. Extract the digestion with the same procedures as steps 7-9 in

Subheading 3.3.1, and finally resuspend the DNA in 50 pL of
ultrapure water.

. Pipet 100 pL of M-280 streptavidin beads for each sample into

a 1.5 mL Eppendorf tube (mix well before pipet), put the
tubes on magnetic bead concentrator and wait for 1 min to
separate the beads from storage solution.

Carefully remove and discard the supernatant and wash the
beads two times with 1 mL of 1x TE and one time with 1 mL
of 1x B&W buffer. Each time using the magnetic bead con-
centrator to collect the beads and discard the wash solution.
Add 50 pL of DNA obtained in step 8 and 50 pL of 2x B&W
bufter to resuspend the beads, incubate at 30 °C for 30 min,
gently flip every 10 min.

Place the tubes on the magnetic bead concentrator to separate
the beads from the supernatant, and remove the supernatant as
much as possible.

Wash the beads three times with 1 mL of 1x TE, and remove
the supernatant as much as possible after the last time.

Ligation of barcoded adaptor II to adaptor I-ligated DNA
fragments on M-280 beads by rotating at room temperature
for 4 h. Prepare the ligation reaction system as follows:

DNA-bound M-280 beads: approximately 10 pL.
10x T4 DNA ligase buffer: 10 pL.

25 pmol/pL adaptor II (prepared in step 1): 6 pL.
5 U/pL T4 DNA ligase (Roche): 2 pL.

ddH,0: 72 pL.

Total volume: 100 pL
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3.3.3  PCR Enrichment
of Adaptors-Ligated DNA
Fragments

3.3.4  Furification of PCR
Products Using
Polyacrylamide Gel
Electrophoresis (PAGE)

1.

After adaptor II ligation, wash the DNA-bound beads with
1 mL of Ix TE and remove the supernatant as much as
possible.

. Add 500 pL of freshly prepared 0.15 N NaOH to the beads

and rotate the tubes at room temperature for 5 min, then com-
pletely remove the NaOH solution and wash the beads five
times with 1 mL of 1x TE (se¢ Note 15).

. Remove the TE as much as possible after the last wash, and

resuspend the beads in 20 pL. of 10 mM Tris—HCI (pH 8.0).

. Amplify the adaptor I- and II-ligated DNA fragments using

PCR reactions (see Note 16).

Prepare the following PCR reaction system:

DNA-bound beads suspension: 10 pL.

25 pM PCR primer 1: 0.5 pL.

25 pM PCR primer 2: 0.5 pL.

KAPA HiFi Hotstart PCR ReadyMix: 20 pL.

ddH,0: 9 pL.

Total volume: 40 pL

Run the following PCR program: 98 °C for 30 s; 12 cycles of

98 °C for 10 s, 60 °C for 30 s, and 72 °C for 15 s; final extend
72 °C for 7 min.

. Premix 40 pL. PCR products with 8 pL loading buffer. Load

1.2 pL of 10 bp DNA marker into one well, and split 48 pL of
PCR products into 2 adjacent wells of 4-20% precast TBE
PAGE gel (Bio-Rad).

. Run the PAGE gel at 120 V for about 2 h in the 1x TBE run-

ning buffer, after electrophoresis, pry apart the gel cassette and
stain the gel in 50 mL of 1x TE plus 2.3 pL of 10 mg/mL
ethidium bromide for 2—3 min. Observe the gel under the UV
light (see Fig. 3).

. Cut out the DNA band corresponding to ~90 bp (adaptors +

insert) using a clean razor blade, and place the gel piece into a
0.5-mL Eppendorf tubes whose bottom has a couple of tiny
holes punched by a 21 gauge needle.

. Set the 0.5 mL tube into a 2-mL Eppendorf collection tube

with round bottom, and spin at 18,506 x g for 2.5 min to
crush the gel through the hole.

. Add 150 pL of 1x NEB Buffer 2 to the gel and elute the DNA

by rotating the tube gently at room temperature for 2 h using
Thermo Labquake™ rotator.
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Oy

100 bp == PN e——_ DNasc-seq library
— Linked adaptors

—— Primers

Fig. 3 Polyacrylamide gel electrophoresis (PAGE) of the final PCR reaction.
Approximately 1 uL of 10 bp ladder and 25-30 pL of the PCR product was loaded
in each well of the 4-20% PAGE gel. The DNA band ~90 bp is interest, which
contains the genomic DNA insert (~20 bp) and adaptors (totally 66 bp), and the
other two smaller bands were linked adaptors (66 bp) and PCR primers
(20-30 bp)

6. Pipet the eluate and the gel debris mixture onto the top of a
Spin-X filter using a wide bore tip, spin at 1200 x 4 for 5 min
for completely remove gel and collect the filtered solution into
anew 1.5 mL Eppendorf tube.

7. Extract the DNA with the same procedures as steps 7-9 in
Subheading 3.3.1, and finally resuspend the DNA in 13 pL of
10 mM Tris—HCI (pH 8.0).

8. Rerun 1 pL of recovered DNA on 4-20% TBE PAGE gel to
verify the quality of the DNase-seq library.

1. Check the libraries quality using the BioAnalyzer before
sequencing. And then perform high-throughput sequencing
of DNase-seq libraries on the Illumina GAII or HiSeq
2000,/2500 platform. Using the custom sequencing primer
(see Note 17) (5-CCACCGACAGGTTCAGAGTTCTA
CAGTCCGAC-3) to perform single-end sequencing of librar-
ies, according to the manufacture’s recommendation.
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2.

Split the datasets using barcode identifiers it multiple libraries
are sequenced in the same lane. Remove adaptors using cut-
adapt [15] or other programs, and then align the reads to the
reference genome using Bowtie [16] or BWA [17] with 1 bp
or no mismatch allowed. Identify DHSs (DNase I hypersensi-
tive sites) using F-seq [2] with appropriate parameters (rec-
ommended with 200-300 bandwidth and FDR less than
0.05 or 0.01).

4 Notes

. Some crop plant tissues usually contain large amounts of poly-

saccharide and polyphenol, which can severely influence nuclei
isolation and DNase I digestion. The addition of polyvinylpyr-
rolidone (PVP) can remove polysaccharide and polyphenol
etficiently during nuclei isolation.

. Triton X-100 is added to remove organelle contamination

(including chloroplast and mitochondria) by breaking the
membrane. However, it is recommended that the maximum
concentration of Triton X-100 should not be more than 0.5%
(v/v), since high concentration of Triton X-100 can cause
degradation of nuclei/chromatin and increase DNase-seq
background noise.

. The oligos for adapter I and II are stocked at the concentration

of 25 pmol/pL. Before uses, two oligos for each adaptor are
annealed in 1x NEB Buffer 2, by heating at 95 °C for 5 min
and slowly cooling to room temperature. The aliquots of the
annealed adaptors can be kept at =20 °C.

. Biotin, Amino (Amm), and phosphorylation (P) modifications

are incorporated in the oligos of adaptor I as indicated. Biotin
is used for streptavidin-based purification of adaptor-ligated
DNA fragments. Amino modifications are typically used for
attachment of other modifiers (such as fluorescent dyes) or for
attaching an oligo to a solid surface. And 5’ phosphorylation is
used as a substrate for T4 DNA ligase to ligate adaptor I with
blunt-end DNase I-trimmed DNA fragments.

. For adaptor II, we provide an example of barcoded sequence

(six codes are in italic and bold) from Illumina Truseq index.
In fact, the total 12 Truseq adapters released from Illumina
(ATCACG, CGATGT, TTAGGC, TGACCA, ACAGTG,
GCCAAT, CAGATC, ACTTGA, GATCAG, TAGCTT,
GGCTAC, and CTTGTA) can all be used as barcodes.

. The 5’ overhanging NN in adaptor II will serve to facilitate the

ligation with Mmel-digested DNA molecules with a 3’ over-
hanging dinucleotide.



7.

10.

11.

12.

13.

DNase | Hypersensitive Site Mapping 97

The yield of nuclei highly dependents on the quality (young or
old) of tissues. Fresh young tissues are always preferred and
recommended. In general, the recommended 10 mL of plant
powder will be sufficient to generate enough nuclei for most
tissue types. Plant tissues should be ground into fine powder in
liquid nitrogen to thoroughly disrupt cell walls and other
fibrous structures and to ensure maximum yield of nuclei.

. The volume of NDB for resuspending the nuclei depends on

the amount of the tissue powder and the yield of nuclei, it
should be scaled up or down according to the variation in dif-
ferent experiments.

. A key step in the DNase-seq assay is to determine the concen-

tration of enzyme that results in the releasing of the most
accessible compartments of the genome (DNase I hypersen-
sitive sites) while minimizing digestion of bulk chromatin.
DNase I concentrations that are too low or too high can lead
to sporadic digestion or over digestion of chromatin.
Therefore, at least 4-5 DNase I concentrations are recom-
mended to find the optimization of digestion. Furthermore,
the ideal DNase I concentrations can vary significantly
between different tissue types or species. A recommended
strategy is to set vary enzyme concentrations with a fixed
digestion time.

LIDS is used to denature proteins within the digested chroma-
tin to release high molecular weight (HMW) DNA. This step
should be carried out in the plugs to prevent artificial shearing
of the HMW DNA.

Since DHSs are not binary, but instead represent a continuum
of signal intensities, multiple optimal concentrations for
DNase-seq can be included to capture both the strong and
weak DHSs. As shown in Fig. 1, the optimal concentrations
exhibit a smearing DNA pattern with a small percentage of
undigested large high molecular weight (LHMW) DNA pres-
ent at the top of the gel (1.2 U). In contrast, over-digested or
under-digested samples contain no visible or a larger portion
of undigested LHMW DNA.

Since the DNase I nicks DNA and leaves single-strand over-
hangs, these overhangs need to be blunt ended by T4 DNA
polymerase before ligating to blunt-ended adaptor I. This pro-
cess is accomplished by using 5'-3" polymerase activity to fill
the 5’ overhangs and 3'-5’ exonuclease activity to trim the 3’
overhangs, respectively.

10 mM EDTA should be added into both the gel and running
bufter to prevent possible degradation of HMW DNA during
electrophoresis.
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Mmel is a type 11 restriction enzyme that cuts 20 nt from the
recognition sequence and generates small DNA fragments
containing DNase I cutting sites suitable for [llumina sequenc-
ing library preparation.

Alkaline treatment is used to denature double-stranded DNA
template on the beads and remove the nonbiotinylated strand.
Since the 2 bp overhang generated by Mmel does not always
perfectly match up with the end of the adaptor II. Thus, get-
ting rid of nonbiotinylated strand will help to eliminate false-

positive sequencing of these two mismatched base pairs.

16. Any Mmel-treated short DNA fragments flanked with both
adapter I and adapter II can be amplified by PCR to reach
about 50-100 nM in the final purified solution.

17.

Please refer to Illumina recommendations for additional details

regarding sequencing.
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Genome-Wide Profiling of Histone Modifications
with ChiIP-Seq

William A. Ricci, Laura Levin, and Xiaoyu Zhang

Abstract

Chromatin immunoprecipitation coupled with sequencing (ChIP-seq) is a widely used method for map-
ping the genome-wide locations of chromatin-associated proteins. This protocol has been developed and
utilized to perform ChIP on histone covalent modifications in various plant species including cereals. DNA
and chromatin-associated proteins are crosslinked with formaldehyde. Chromatin is then isolated from
nuclei and sheared via sonication. Antibodies targeting the histone modification of interest are incubated
with the sheared chromatin and nonspecific interactions are washed away. DNA is purified via phenol-
chloroform extraction, end-repaired, ligated to sequencing adapters, and PCR-amplified.

Key words Plant, Cereals, Chromatin immunoprecipitation, Chip-seq, Nuclei, Histone modification,
Epigenomics, Antibody

1 Introduction

In eukaryotes, nuclear DNA wraps around octamers of core his-
tone proteins to form nucleosomes, which act as the basic struc-
tural units of chromatin. Histones are subject to a wide array of
post-translational covalent modifications that can influence local or
higher-order chromatin structure or serve as platforms to recruit
chromatin-binding proteins. Consequently, histone modifications
are critical for many processes that occur within the chromatin
environment, such as transcription, RNA processing, chromatin
condensation, DNA replication, and DNA lesion repair [1-4].
Chromatin  immunoprecipitation coupled with  high-
throughput sequencing (ChIP-seq) is the principle method for
studying the genome-wide histone modification landscape [5-8].
In the described procedure, DNA-histone interactions are first
fixed by formaldehyde-mediated crosslinking of plant tissue. Nuclei
are extracted from the crosslinked tissue via a general extraction
procedure which works on nuclei of various sizes and densities.
Purified nuclei are lysed and the chromatin is released. Sonication

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
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is used to fragment and solubilize the chromatin. The chromatin
fragments are incubated with antibodies targeting the epitopes of
interest and chromatin fragments lacking the desired epitopes are
washed away. Following immunoprecipitation, the chromatin is
reverse-crosslinked and the DNA is purified via a standard phenol-
chloroform purification. The sheared DNA ends are repaired,
sequencing adapters ligated to ends, and DNA fragments PCR-
amplified. Following sequencing and bioinformatic analyses, the
locations, relative abundances, and quantitative changes of histone
modifications can be determined in a genome-wide manner.

This chapter describes the experimental procedures of a gen-
eral ChIP-seq method that has been successfully implemented in a
variety of plant species with genome sizes ranging from ~156 Mb
(Arabidopsis thaliana) to ~5 Gb (Hordenwm vulgare) and on a vari-
ety of tissues, such as leaves, roots, endosperm, and immature
inflorescences.

2 Materials

2.1 Crosslinking
Tissue

2.2 Preparing Beads

with Antibodies

Following are the required materials and buffers for different parts
of the procedure and the quantities required for a single experi-
ment. Some buffers should be prepared as stocks and the unstable
components added immediately before use (see Note 1).

. Vacuum chamber capable of reaching —25” Hg.
. Forceps.

. Razor blade.

. Square of Miracloth.

. Twist tie.

. 50 mL falcon tube (or equivalent).

. DI water.

. 37% Formaldehyde.

. 0.1 M PMSF stored in isopropanol at —20 °C.

. Crosslinking buffer (15.4 mL): 1 mM EDTA, pH 8.0, 0.4 M
sucrose, 10 mM Tris—HCI, pH 8.0. Store at 4 °C.

11. 1 M glycine.
12. Approximately 1 g of plant tissue (see Note 2).

O 0 NI N Ul B W N

—
=]

1. Labquake tube rotator (or equivalent).
2. Magnetic 1.5 mL tube rack.
3. 1.5 mL tube.
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Commonly used antibodies for targeting histone modifications in plants

Epitope Source

Cat# pg antibody per 25 uL beads Capture with protein A or G beads

H3 Abcam
H3K4mel Abcam
H3K4me3 Millipore
H3K9ac Active Motif
H3K23ac  Millipore
H3K27me3 Millipore
H3K36me3 Abcam
H3K56ac  Millipore

ab1791 1.5 A
ab8895 1.5 A
07-473 1.5 A
61251 1.5 G
07-355 1.5 A
07-449 1.5 A
ab9050 1.5 A
07-677-1 1.5 A

Selected histone modifications and antibodies commonly used to target them. All antibodies shown can be captured
with both protein A and G beads; however the bead type listed shows stronger affinity and therefore is preferable

2.3 Nuclei Extraction
and Chromatin
Isolation

N OV Ul W~

. Dynabeads® DProtein A (Thermo Fisher Scientific) or

Dynabeads® Protein G (Thermo Fisher Scientific). See Table 1
tor which beads to use with which antibodies.

. Antibodies (see Table 1 and Note 3).
. ChIP dilution buffer without protease inhibitor cocktail

(3mL): 1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris—HCI,
pH 8.0, 1.1% (v/v) Triton X-100, 0.1 mM PMSE. Store at
4 °C.

. ChIP dilution buffer with protease inhibitor cocktail (100 pL):

1.2 mM EDTA, 167 mM NacCl, 16.7 mM Tris—HCI, pH 8.0,
1.1% (v/v) Triton X-100, 0.1 mM PMSF, 1x cOmplete™ Mini
EDTA-free Protease Inhibitor Cocktail. Store at 4 °C.

. 4 °C bench-top centrifuge suitable for 1.5 mL tubes.

. 50 mL falcon tubes.

. Squares of Miracloth.

. 1.5 mL tubes

. Mortar and pestle.

. Liquid N,.

. Extraction buffer 1(30 mL): 1 mM EDTA, 10 mM MgCl,,

0.4 M sucrose, 10 mM Tris-HCI, pH 8.0, 5 mM BME,
0.1 mM PMSEF, 1x cOmplete” Mini EDTA-free Protease
Inhibitor Cocktail. Store at 4 °C.
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2.4 Chromatin
Sonication

2.5 Chromatin
Immunoprecipitation

2.6 Reverse
Crosslinking

2.7 Proteinase
Digestion

8.

10.
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Extraction buffer 2 (1 mL): 1 mM EDTA, 10 mM MgCl,,
0.25 M sucrose, 10 mM Tris—-HCI, pH 8.0, 5 mM BME,
0.1 mM PMSF, 1x cOmplete™ Mini EDTA-free Protease
Inhibitor Cocktail, 1% (v/v) Triton X-100. Store at 4 °C.

. Extraction buffer 3 (600 pL): 1 mM EDTA, 2 mM MgCl,,

1.7 M sucrose, 10 mM Tris—HCI, pH 8.0, 0.15% (v/v) Triton
X-100, 0.1 mM PMSF, 1x cOmplete™ Mini EDTA-free
Protease Inhibitor Cocktail. Store at 4 °C.

Nuclei lysis buffer (300 pL): 10 mM EDTA, 1% (v/v) SDS,
50 mM Tris-HCI, pH 8.0, 0.1 mM PMSF, 1x cOmplete™
Mini EDTA-free Protease Inhibitor Cocktail. Store at 4 °C.

. 4 °C bench-top centrifuge suitable for 1.5 mL tubes.

. Bioruptor® UCD-200 with chilling pump or ice.

. 1.5 mL tubes.

. 5 M NaCl.

. Elution buffer (780 pL): 1% (v/v) SDS, 0.1 M NaHCO;.

Prepare fresh before use since NaHCOj is unstable in aqueous
solution.

. 5 or 15 mL falcon tube.

. Chip dilution buffer with protease inhibitor cocktail (2.34 mL).
. Magnetic tube rack.

. 1.5 mL tube.

. Chip dilution buffer without protease inhibitor cocktail

(3 mL).

. Low salt wash buffer (2 mL): 2 mM EDTA, 150 mM NacCl,

0.1% (v/v) SDS, 20 mM Tris-HCl, pH 8.0, 1% (v/v) Triton
X-100.

. High salt wash bufter (2 mL): 2 mM EDTA, 500 mM NacCl,

0.1% (v/v) SDS, 20 mM Tris-HC, pH 8.0, 1% (v/v) Triton
X-100.

. LiCl wash buffer (2 mL): 1 mM EDTA, 0.25 M LiCl, 1%

(w/v) sodium deoxycholate, 1% (v/v) NP-40, 10 mM Tris—
HCI, pH 8.0.

. TE buffer (1 mL): 10 mM Tris-HCI, pH 8.0, 1 mM EDTA.
. Elution buffer (400 pL).

. 5 M NaCl (for both sample and input).
. Chip elution bufter (380 pL).

. 0.5 M EDTA.

2. 1 M Tris-HCI, pH 6.5.

. 20 mC/mL Proteinase K Solution (Applied Biosystems).
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2.8 DNA Purification 1. 4 °C bench-top centrifuge suitable for 1.5 mL tubes.
2. 1.5 mL tube.
3. Phenol (buffered to pH 8.0).
4. Chloroform.
5. 2.5 M potassium acetate.
6. 100% EtOH.
7. 20 mg/mL glycogen.
8. 10 mM Tris—HCI, pH 8.0.
9. 70% EtOH.
2.9 DNA Sequencing 1. Magnetic rack suitable for 0.2 mL PCR tube.
Library Preparation 2. Thermal cycler.
l(-E.nd;.I?epall;dAF:;:lllng, 3. DNA end-repair master mix (22.85 pL): 7.14 pLL 10x End-It
Igation, and PCR) buffer, 7.14 pL 10 mM dNTPs, 7.14 pL 10 mM ATP, and
1.43 pL. End-It enzyme mix. End-It buffer and enzyme mix
come from the End-It" DNA End-Repair Kit (Lucigen).
Prepare on ice immediately before use.
4. Ampure XP beads (Agencourt).
5. 80% EtOH.
6. 10 mM Tris—HCI, pH 8.0.
7. NEBNext® dA-Tailing Reaction Buffer (NEB).
8. Klenow fragment (3’ > 5’ exo-, 5 U/pL) (NEB).
9. T4 DNA Ligase Reaction Buffer (NEB).
10. 400 U/uL T4 DNA Ligase(NEB).
11. 10 pM Illumina Truseq adapters.
12. PCR master mix (30 pL): 14.66 pL nuclease-free water,
3.34 pL 10 pM Hllumina TruSeq primer mix, 10 pL. 5x Phusion
HF buffer (NEB), 1 pL. 10 mM dNTPs, 1 pL. 2 U /pL Phusion®
High-Fidelity DNA Polymerase (NEB). Mix well by pipetting.
Prepare on ice immediately before running PCR.
3 Methods

3.1 Formaldehyde-
Mediated Crosslinking
of Tissues

The entire procedure can be comfortably performed within 4 days.
See Note 4 for procedural time considerations.

All steps performed at room temperature.

1.

Harvest approximately 1 g of plant tissue. This amount of
starting material is usually sufficient for at least 6 ChIDPs.
However, depending on the tissue type, this amount can be
reduced (see Note 2).
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2.

6
7
8
9

10.

In a 50 mL Falcon (or equivalent) tube, combine 15.4 mL of
crosslinking buffer with 160 pL of 0.1 M PMSF and 432 pL of
37% formaldehyde (see Note 5).

. Dice the plant tissue into ~1 mm cross sections. Wrap up the

chopped tissue in a single layer of Miracloth and close with a
twist tie to form a “dim sum” bag (Fig. 1a).

. Insert the dim sum bag into the crosslinking solution in the

50 mL tube. Use the twist tie to hold the dim sum bag below
the surface of the solution (Fig. 1b).

. Place the tube under a —25” Hg vacuum and incubate for

10 min (see Note 6).

. Release the vacuum and incubate for 5 min.

. Swirl the tube approximately 10 times.

. Reapply the —25” Hg vacuum for 5 min.

. Release the vacuum and add 1.6 mL of 1 M glycine to the

tube. Invert the tube 10 times to mix. The glycine quenches
the remaining formaldehyde.

Reapply the —25” Hg vacuum for 5 min.

(b)

Fig. 1 The method for crosslinking tissue. (@) The “dim sum” bag, comprising Miracloth, a tie strap, and plant
tissue inside. The tie strap acts as a convenient handle. (b) The dim sum bag submerged in crosslinking buffer
in a 50 mL tube. The tie strap is angled to press against the tube and hold the bag below the surface



3.2 Preparing
Antibody-Coated
Magnetic Beads

3.3 Nuclei Extraction

and Chromatin
Isolation

11.

12.

Plant ChlP-Seq 107

Discard the crosslinking solution in an appropriate hazardous
waste container and wash the dim sum bag with ~50 mL of DI
H,0 5 times, each time moving the dim sum bag up and down
10 times.

Remove excess H,O by blotting with a paper towel. Flash
freeze crosslinked tissue in liquid nitrogen in Al foil and store
at —80 °C. Excess water may make it more difficult to grind the
tissues in future steps. Crosslinked tissue can be stored at
—80 °C for several months before being used for ChIP.

All steps should be performed at 4 °C.

1.

2.

4.

Resuspend protein A or G Dynabeads by vortexing (see Table 1
tor guidance on which beads to use with which antibodies).
Place 25 pL (750 pg) of Dynabeads in a 1.5 mL Eppendorf
tube.

Wash the beads 3 times with 1 mL of ChIP dilution bufter
(containing water instead of protease inhibitor cocktail) each
time. To wash beads, place tubes with beads on a magnetic
rack and remove the Dynabead storage solution. Remove tubes
from the magnetic rack, resuspend the beads with 1 mL of
ChIP dilution buffer, and place the tubes back on the magnetic
rack. Repeat the wash 2 more times.

. Remove the supernatant and add 100 pL of ChIP dilution buf-

ter (this time containing protease inhibitor cocktail) and 1.5 pg
of antibody to the washed beads.

Incubate with rotation at 4 °C for 3 h to overnight.

All steps should be performed at 4 °C.

1.

Grind crosslinked tissue in liquid nitrogen to a very fine pow-
der. It generally takes ~4 min of grinding to reach a sufficient
fineness.

. Add powder to 30 mL of extraction buffer 1 in a 50 mL tube.

Resuspend the powder by inverting the tube ~20 times and
vortexing ~10 s.

. Filter the suspension through two layers of miracloth into a

new 50 mL tube. Gently squeeze the miracloth to push
through the last of the filtrate.

. Centrifuge the filtrate at 2,880 RCF for 20 min at 4 °C. This

step pellets the nuclei and other organelles without bursting
the nuclei.

. Aspirate the supernatant and resuspend the pellet in 1 mL of

extraction buffer 2. The pellet should resuspend with no more
than 10 gentle pipettes up and down. The detergent concen-
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6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

16.

tration within this extraction buffer selectively eliminates plas-
tids and mitochondria.

Transfer the suspension to a 1.5 mL tube and centrifuge for
10 min at 12,000 RCF at 4 °C.

Remove the supernatant and resuspend the pellet in 300 pL of
extraction buffer 3. This resuspension step requires more vig-
orous pipetting. Some particles may not resuspend, which is
not problematic.

In a new 1.5 mL Eppendorf tube, add 300 pL of extraction
buffer 3. Slowly add the 300 pL of resuspended nuclei from
Subheading 3.3, step 7 on top of the 300 pL of extraction buf-
ter 3.

Centrifuge for 1 h at 16,000 RCF at 4 °C.

Remove the supernatant and resuspend the pellet in 310 pL of
nuclei lysis buffer. Vigorously pipette the suspension 20 times
and vortex for 20 s. Try to avoid forming bubbles, which can
interfere with sonication. This step bursts the nuclei and
releases high molecular weight chromatin into suspension.

Remove 10 pL of the lysed nuclei suspension and set aside on
ice. This sample will serve as a pre-sonication quality control.

Give the tube with the remaining 300 pL suspension a brief
pulse on the centrifuge in order to remove liquid from the lid.
Gently resuspend any pellet via pipetting to ensure that all
chromatin is in suspension. It is important that all of the liquid
in the tube is on the bottom of the tube and is thus submerged
in the sonicator water bath.

To fragment the chromatin, sonicate the chromatin suspension
from Subheading 3.3, step 12 using a Bioruptor. Set the
Bioruptor to intervals on for 30 s, off for 30 s. Set the intensity
level to maximum. Run for 15 min twice (for a total of 30 min).
See Note 7 for important details on Bioruptor usage.

Centrifuge sonicated chromatin at 16,000 RCF for 5 min at
4 °C. Transfer the supernatant into a new 1.5 mL Eppendorf
tube and discard the pellet. The supernatant contains frag-
mented, soluble chromatin.

Briefly vortex the supernatant and remove 25 pL for the post-
sonication quality control and for the ChIP input control.

Take the pre-sonication sample and 10 pL of the post-
sonication sample (leaving 15 pL remaining for the ChIP input
control) and bring each to 400 pL with ChIP elution buftfer.
Add 16 pLL. 5 M NaCl to each tube. Proceed with reverse cross-
linking (Subheading 3.4, step 8) and the remaining steps as
described in this protocol. Resuspend in 30 pL 10 mM Tris—
HCI, pH 8.0 and run ~15 pL on a 1% agarose gel. Visualize
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post-sonication
A

pre- pre- post-

ladder sonication centrifuge centrifuge

Fig. 2 Checking chromatin extraction and sonication quality with gel electropho-
resis. A 1% agarose gel with the pre- and post-sonication samples, collected
from Subheading 3.3, steps 11 and 15, respectively, and a post-sonication
sample collected prior to centrifugation. This example shows successful chro-
matin extraction and sonication. The pre-sonication has a clear high molecular
weight band of DNA. After sonication, that band nearly disappears. There is some
visible residual high molecular weight DNA which was removed by centrifugation
and thus no longer visible in the post-centrifuge sample. The sonicated fragment
sizes range from ~150 to 400 bp

the gel to evaluate the success of the chromatin extraction and
sonication (see Fig. 2 and Note 8).

17. With the remaining sonicated chromatin, either proceed to
immunoprecipitation or store the chromatin at —80 °C.
Chromatin can be stored at —80 °C for several months.

All steps should be performed at 4 °C, unless indicated otherwise.

1. Dilute the remaining chromatin solution (~275 pL) tenfold
with ChIP dilution buffer (containing protease inhibitor cock-
tail). This step lowers the SDS concentration to a suitable level,
allowing for non-covalent interactions of chromatin with
antibodies.
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2. Wash the prepared antibody-coated beads 3 times with ChIP
dilution buffer (containing water instead of protease inhibitor
cocktail). The wash steps can be performed as previously
described in Subheading 3.2, step 2. Do not vortex the beads
from this point onward, since non-covalent interactions must
be maintained. Instead, flick or invert the tubes. If tubes are
inverted, ensure that beads are removed from the tube lids by
inverting the tubes when placed on the magnetic rack.

3. Add 500 pL of the diluted chromatin solution from Subheading
3.4, step 1 to the washed antibody-coated beads and incubate
with rotation at 4 °C overnight.

4. Attach beads to magnet and remove supernatant.

5. Wash the chromatin-coated beads in the following manner:
a) 1 mL low salt wash buffer. Invert 10 times.
b) 1 mL high salt wash bufter. Invert 10 times.

) 1 mL LiCl wash buffer. Invert 10 times.

(

(

(c

(d) 1 mL low salt wash buffer. Rotate 5 min.
(¢)

(

(

e) 1 mL high salt wash buffer. Rotate 5 min.
f) 1 mL LiCl wash buffer. Rotate 5 min.

g) 1 mL TE buffer, invert 10 times. Remove the
supernatant.

6. Add 200 pL of clution buffer to the beads. Vortex the beads
for 10 s and incubate at 65 °C for 15 min. Place the tube on
the magnetic rack and transfer the supernatant to a new 1.5 mL
tube.

7. Repeat the elution from Subheading 3.4, step 6. Combine the
two cluates for a total of 400 pL eluate.

8. Add 16 pLL of 5 M NaCl to the eluate and reverse crosslink at
65 °C for 6 h to overnight. Reverse crosslink the 15 pL input
sample from Subheading 3.3, step 15 at the same time as the
experimental samples. Bring the 15 pL input to 400 pL with
chip elution buffer and proceed like with the other samples.

9. After reverse crosslinking, add 8 pL of 0.5 M EDTA, 16 pL
TrissHCI, pH 6.5, and 1 pL of 20 mC/mL Proteinase K
Solution to the eluate and input. Incubate for 1 h at 50 °C.

3.5 DNA Purification Al steps should be performed at room temperature, unless indicated
otherwise.

1. Add 200 pL of buftered phenol and 200 pL of chloroform to
the proteinase-digested samples. Vortex for 25 s then centri-
fuge for 5 min at 12,000 RCF at room temperature.

2. Transfer the supernatant to a 1.5 mL tube. Add 100 pL 2.5 M
potassium acetate, 800 pLL of 100% Ethanol, and 2 pL of
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20 mg/mL glycogen. Precipitate DNA at =20 °C for 2 h to
overnight.

. Centrifuge 30 min at maximum speed (preferably

>20,000 RCF) at 4 °C. There should be a visible white pellet
after centrifugation.

. Remove the supernatant and wash the pellet with 1 mL ot 70%

ethanol.

. Centrifuge the sample for 1 min at 12,000 RCF at room

temperature.

. Remove the supernatant and allow the pellet to air-dry

(~20 min).

. Resuspend the pellet in 50 pL of 10 mM Tris-HCI, pH 8.0.

The solution can be heated to 50 °C for 10 min to facilitate
DNA dissolution. This is the final ChIP DNA that can be used
for Illumina library preparation or qPCR. See Note 9 on
expected ChIP DNA vyields and purity, and Note 10 and Fig. 3
on evaluating ChIP success.

. Transfer the dissolved ChIP DNA to a PCR tube suitable for a

magnetic rack.

. To the 50 pL of dissolved ChIP DNA, add the 22.85 pL of

DNA end-repair master mix. Mix well by pipetting.

. Incubate at room temperature for 45 min. This reaction repairs

the sheared DNA ends and converts them to 5’-phosphory-
lated blunt ends.

. Add 102 pL of Ampure beads directly to the tube (for a

bead:sample ratio of 1.4:1, which size selects for ~150 bp frag-
ments and larger).

. Pipette up and down 10 times to mix, then incubate for 10 min

at room temperature.

. Place bead suspension on a magnetic rack until the solution is

cleared. This can take several minutes.

. Remove 100 pL of the supernatant, leaving ~10 pL behind to

prevent bead loss.

. Perform ethanol washes as follows:

(a) Add 200 pL of 80% ethanol to the beads.

(b) Move the tube to the opposite side of the magnet to pass
the beads through the ethanol. Repeat this three times.

(c) Remove and discard 190 pL of the supernatant.

(d) Repeat for a second wash, adding another 200 pL 80%
ethanol and moving the tube again.

(e) Remove all supernatant and allow the tube to air-dry at
room temperature for 5-10 min.
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Fig. 3 Stereotypical histone mark positioning at transcribed genes. A genome browser screenshot of an actively
transcribed maize gene. ChIP-seq on three histone modifications—trimethyl H3K4, trimethyl H3K36, and acet-
ylated H3K56—displays the stereotypical patterns at transcribed genes. The gene model (shown at top) is
transcribed to the left and the dashed line denotes the transcription start site. H3K4me3 and H3K56ac are typi-
cally enriched at the first couple of nucleosomes in the gene, while H3K36me3 is enriched throughout the
transcription unit but tapers off toward the 3’ end. The transparent blue boxes indicate potentially informative
regions for qPCR enrichment analysis. In such regions, enrichment of ChlP signal over input should reveal the
success of the ChIP

(f) Elute in 43 pL of 10 mM Tris—HCI, pH 8.0. Mix by pipet-
ting to ensure full resuspension of beads.

(g) Incubate for 10 min at room temperature to elute the
DNA.

3.7 DNA A-Tailing 1. To the tube containing beads and end-repaired DNA, add
5 pL. NEBNext® dA-Tailing Reaction Buffer and 3 pIL Klenow
fragment (3'>5" exo-, 5 U/pL). Mix well by pipetting.

2. Incubate at 37 °C for 30 min.
3. Add 70 pL of new Ampure beads to a new 0.2 mL PCR tube.

4. Place the A-tailed tube on the magnetic rack until the solution
is clear.

5. Transfer the entire supernatant (~50 pL) to the new tube con-
taining the Ampure beads and mix well by pipetting. Discard
the empty tube.

6. Incubate at room temperature for 10 min.
7. Place on magnetic rack until the solution is clear.

8. Repeat the ethanol washes 2x as described in Subheading 3.6,
step 8. Air-dry the beads for 5-10 min.

9. Resuspend the beads in 22 pl of 10 mM Tris—HCI, pH 8.0
and elute the DNA for 10 min.
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. To the A-tailed DNA, add 2.5 pL. T4 DNA ligase buftfer,

1.25 pL. T4 DNA ligase, and 1 pL of Illumina Truseq adapters.
Mix well by pipetting.

2. Incubate at 16 °C for 16 h.
. Add 50 pL of Ampure beads to a new 0.2 mL PCR tube.
4. Place the tube containing the ligated DNA on the magnetic

rack and let the solution clear. Transfer the entire supernatant
to the new tube containing 50 pL of bead suspension.

. Resuspend by pipetting and incubate at room temperature for

10 min.

. Clear the solution on the magnetic rack and repeat the 80%

ethanol washes as described in Subheading 3.6, step 8. Air-dry
the beads for 5-10 min.

. Elute the beads into 20 pL of 10 mM Tris-HCI, pH 8.0.

. Add the 30 pL of PCR master mix to the 20 pL of eluted

adapter-ligated DNA (total 50 pL).

. Run the following PCR program on the sample:

® 95 °C for 2 min
® 98°Cfor30s
® 15 cycles of:
98 °C for 15 s
60 °C for 30 s
72 °C for 4 min
e 72 °C for 10 min
® 4°Chold

. After PCR amplification, perform Ampure DNA washes and

80% ethanol washes as detailed in Subheading 3.7, step 3 (with
70 pL of Ampure beads) and Subheading 3.6, step 8,
respectively.

. The amplified DNA sample is ready for Illumina sequencing.

4 Notes

. Preparation of stock solutions

The ChIP dilution buffer, extraction buffer 1, extraction
bufter 2, extraction buffer 3, and nuclei lysis buffers should be
prepared as stock solutions with PMSF, BME, and protease
inhibitor cocktail omitted. Add these reagents before use. The
cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail
comes as solid tablets. These tablets can be dissolved in ultra-
pure water as a 10x concentrate and stored at 4 °C for 3 weeks
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or at —20 °C indefinitely. The 10x protease cocktail should be
diluted to 1x in the working solution. Filter-sterilize the stock
solutions and store them at 4 °C.

2. Input tissue quantity

This protocol is flexible regarding the amount of input
chromatin. However, more chromatin is not necessarily bet-
ter. We have achieved high-quality results with less than 0.5
million maize nuclei. This number can be pushed even lower
with a high-quality nuclei prep that is largely free of debris.
Cleaner nuclei result in cleaner ChIP signal. Plant tissues with
higher nuclei count per weight (and thus less debris per unit
nuclei) tend to yield higher quality ChIP results. For example,
highly proliferative tissues, such as maize inflorescence pri-
mordia or the basal portion of young leaves, give better results
than do highly elongated tissues, such as mature leaves. In our
experience, we have never needed to exceed 1 g of tissue fresh
weight in order to acquire sufficient chromatin for histone
modification ChIP.

3. Choosing an antibody

Because the amino acid sequences of histones (particularly
H3) are highly conserved among eukaryotes, antibodies that
recognize specific histone modifications in animal and fungal
species are commercially available and can be used to study
histone modifications in plants. Choosing antibodies for
ChIP is one of the most important considerations when
designing an experiment. Some antibodies show more bind-
ing promiscuity than do others. Antibodies targeting acety-
lated lysines in the N-terminal tail of histone H3 tend to
bind promiscuously. Furthermore, antibodies vary in their
signal-to-noise ratios. Polyclonal antibodies can vary between
lots as well. Therefore, it is advisable to test the specificity of
commercially available antibodies against synthetic modified
histones in peptide competition assays. Once a high-quality
antibody lot has been identified, the same lot should be used
for all experiments. The catalog numbers and lot numbers of
antibodies should be recorded and included in publications
in order to facilitate reproducibility. Some commonly used
antibodies with which we have found success are listed in
Table 1.

4. Procedural time considerations

The entire ChIP procedure can comfortably be completed
within 4 days. If you are performing ChIP on a species and
tissue that has already been experimentally optimized: On day
1, perform crosslinking, perform the chromatin isolation, and
incubate the antibody-coated beads with the sonicated chro-
matin overnight. On day 2, wash the beads and reverse cross-
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link overnight. On day 3, finish the ChIP protocol and purify
the DNA. Run the agarose gel to make sure that the sonica-
tion worked. Perform the DNA end-repair, A-tailing, and
ligate adapters overnight. On day 4, perform PCR. This time-
line assumes that you already know the right sonication condi-
tions for the species or tissue type that you are working with.
If working with a plant species that you have not worked with
before, it is recommended that you check the quality of the
chromatin extraction and sonication (via agarose gel) prior to
proceeding with immunoprecipitation. This adds an addi-
tional day to the procedure because the pre- and post-
sonication DNA samples must be reverse crosslinked and
purified.

5. Formaldehyde and PMSF usage
Add formaldehyde inside of a fume hood. Add PMSF just
before use as it is unstable in aqueous solution. Ensure that the
PMSF has been fully dissolved in the isopropanol prior to
pipetting (0.1 M PMSF precipitates in isopropanol at —20 °C).
Vortex the solution to ensure that it is fully mixed.
6. Precautions during vacuum infiltration
After applying the vacuum to the submerged tissue, gas
bubbles exiting the tissue should be apparent. The goal is to
replace the gas inside of the tissue with crosslinking solution to
ensure that the high surface area within the tissue (especially
leaves) interior contacts the solution. Watch the tube to make
sure that the dim sum bag does not float to the surface when
applying the vacuum. If this occurs, release the vacuum, rear-
range the twist tie, and reapply the vacuum.

7. Bioruptor usage details

The depth of the Bioruptor water bath should be ~5 cm
and the water should be free of debris. The bath should be
chilled to 4 °C. If available, use a pump to keep the water cool
during sonication. If a pump is unavailable, add ice to the
bath every 15 min. Without active cooling, the sonic energy
will heat up the water bath. The Bioruptor is designed to
work on 300 pl volumes in 1.5 mL Eppendorf tubes. The
shearing force from the sound waves fragments the chroma-
tin. Linker DNA is preferentially sheared, leaving intact
nucleosomes. Thirty minutes of sonication ensures that the
size of chromatin fragments approaches single-nucleosome
resolution.

8. Visualizing chromatin extraction and sonication success
The success of the ChIP protocol is contingent on the
isolation of high-quality chromatin. Therefore, it is advis-
able to evaluate the success of the chromatin extraction and
fragmentation prior to proceeding with immunoprecipita-
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tion. Generally, if the chromatin has fragmented to a size
range of ~150-500 bp, the ChIP should result in high signal
to background (assuming the use of a high-quality anti-
body). Smaller chromatin fragments allow for higher resolu-
tion profiles of histone modifications. Residual large
chromatin fragments can increase background noise.
Figure 2 demonstrates successful chromatin extraction and
sonication. The pre-sonication sample contains exclusively
high molecular weight chromatin, which is absent in the
post-sonication sample.

9. Expected ChIP DNA yields and purity

Unamplified DNA yields from histone ChIP can vary sub-
stantially. Concentrations are often <10 ng/pl and thus can-
not be accurately quantified with a nanodrop
spectrophoto-meter. The concentration of input DNA, when
dissolved in 50 pl, typically exceeds 50 ng/pl. A slight peak at
270 nm on the spectrophotometer indicates phenol carry-
over. Increased absorbance below 230 nm is attributable to
the added glycogen. This is normal and does not appear to
interfere with subsequent qPCR or Illumina library
preparation.

10. Evaluating ChIP success

Many histone covalent modifications show stereotypical
enrichment patterns at genes, depending on the genes’ expres-
sion statuses. These stereotypical patterns tend to be con-
served across eukaryotes, and thus enrichment of these
patterns can serve as positive controls to evaluate the efficacy
of the ChIP. Such evaluations can be performed with qPCR
prior to sequencing or after sequencing by visualizing in a
genome browser. However, it is advisable that, prior to
sequencing, qPCR is used to ensure that ChIP enrichment
worked as expected in order to avoid sequencing poor sam-
ples. Figure 3 shows an example of H3K4me3, H3K36me3,
and H3K56ac ChIP-seq results from maize leaves. This exam-
ple shows the stereotypical patterns of enrichment at expressed
genes and how primers can be used to detect enrichment at
this locus with qPCR.
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Whole-Genome Bisulfite Sequencing and Epigenetic
Variation in Cereal Methylomes

Taiji Kawakatsu

Abstract

Whole-genome bisulfite sequencing (WGBS) is a technique used for the analysis of genome-wide DNA
methylation patterns (DNA methylomes) at a single-base resolution. Here, I describe a simple DNA
extraction method from rice endosperm and the universal protocol of WGBS, MethylC-sequencing library
preparation. The use of benzyl chloride allows for the extraction of high-quality genomic DNA from
starchy endosperm, while sodium bisulfite converts unmethylated cytosine to uracil, whereas methylated
cytosine is unchanged. The bisulfite conversion of whole genome sequencing libraries before the final
amplification step allows for the discrimination of methylated from unmethylated cytosines in a genome-
wide manner.

Key words DNA methylomes, Rice, Cereal, Endosperm, Whole-genome bisulfite sequencing,
MethylC-sequencing

1 Introduction

DNA methylation is an epigenetic mark occurring at cytosine resi-
dues, which has impacts on gene regulation associated with devel-
opment, pluripotency, cancer, imprinting, and X-chromosome
inactivation [1]. Cytosines are methylated in three distinct con-
texts: CG, CHG, and CHH types, where H=A, T, or C[1]. DNA
methylation only in the CG context within gene bodies is associ-
ated with constitutive gene expression, whereas DNA methylation
in all three contexts is associated with transcriptional inactivation
by RNA-directed DNA methylation [2]. Therefore, information
about the methylation context can reveal the hidden biological
function of DNA methylation.

There are two main types of methods to analyze genome-wide
DNA methylation patterns (methylomes): (1) bisulfite conversion-
based methods, and (2) methylated DNA enrichment-based meth-
ods [3]. Treatment of DNA with sodium bisulfite converts
unmethylated cytosine to uracil, which is converted to thymine

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
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Fig. 1 Schematic of MethylC-seq library preparation procedures. Genomic DNA
is fragmented, followed by end-prep, adapter ligation, bisulfite conversion, and
library amplification steps

during subsequent PCR. Whole genome bisulfite sequencing
(WGBS) has been developed by applying bisulfite conversion to
whole genome sequencing before library amplification (Fig. 1)
[4]. WGBS is widely adopted for profiling methylomes because it
can determine the DNA methylation status at 90-95% of cytosine
positions in the genome at a single-base resolution [5].

Cereal endosperms are a major source of calories worldwide.
Endosperms have distinct DNA methylomes compared with other
tissues [6], and imprinting caused by DNA methylation in the
endosperm is often associated with hybrid incompatibility [7, 8].
Therefore, the demand for methylome analysis of cereal endo-
sperm has been increasing.

Here, I demonstrate highly efficient DNA extraction methods
from starchy rice endosperm and WGBS library preparation meth-
ods. Both procedures can be performed in 2 days. I utilize simpli-
fied versions of the previously described benzyl chloride-based
DNA extraction method and the MethylC-sequencing (MethylC-
seq) library preparation method [5, 9].

Benzyl chloride is an organic compound that is mostly insolu-
ble in water. It destroys cell walls by reacting with the hydroxy
group in polysaccharides. It also extracts starch as well as proteins
and cell debris from the aqueous phase that includes nucleic acids.
This enables the extraction of high-quality genomic DNA from
starch endosperm that cannot otherwise be achieved by column-
based kits such as the Qiagen DNeasy plant mini kit. Genomic
DNA extracted using benzyl chloride can undergo MethylC-seq
library preparation as well as restriction enzyme digestion without
any further purification (Figs. 2 and 3).
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Fig. 2 Genomic DNA extracted from immature rice endosperm. Genomic DNA
was extracted from developing endosperms at 5, 7, and 12 days after pollination
(DAP). DNA extracted using the method described in this chapter is much larger
than 10 kb (—), whereas Hindlll cleavage for 15 min (+) causes smearing, show-
ing that the extracted DNA is of good quality
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Fig. 3 Size distribution of MethylC-seq library prepared by the method described in this chapter. Most DNA
fragments in the library are approximately 250-600 bp, so insert sizes are 120-470 bp, which is almost
equivalent to the range of double-size selected DNA in Subheading 3.2
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2 Materials

2.1 DNA Extraction

2.2 MethylC-Seq
Library Preparation

. DNA extraction buffer: 100 mM Tris—HCI, 40 mM EDTA,

2% SDS, pH 9.0. Autoclave and store at room temperature.

2. Benzyl chloride.
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13.

14.
15.
16.
17.
18.

. Precipitation buffer: 3 M sodium acetate. Autoclave and store

at room temperature.

. Isopropyl alcohol.

. 70% ethanol.

. Elution bufter: 10 mM Tris-HCI, pH 8.5.

. RNase A solution: 100 mg/mI RNase A.

. Qubit dsDNA High Sensitivity kit (Thermo Fisher).
. Qubit fluorometer (Thermo Fisher).

. Multibeads shocker tube (Yasui Kikai).

. Multibeads shocker (Yasui Kikai).

. microT'UBE AFA Fiber Pre-Slit Snap-Cap (Covaris).

. Covaris Focused-ultrasonicator M220.

. 1.5 mL. DNA LoBind tubes (Eppendort).

. DynaMag-2 magnet (Thermo Fisher).

. Agencourt AMPure XP (Beckman) (see Note 1).

. Elution bufter: 10 mM Tris—-HCI, pH 8.5

. 0.2 mL PCR tubes.

. PCR machine.

. NEBNext Ultra II End-prep module (New England Biolabs).
. NEBNext Ultra IT Ligation module (New England Biolabs).
. 80% ethanol.

. EZ DNA Methylation-Gold kit (Zymo Research) (see Note

2).

KAPA HiFi HotStart Uracil+ ReadyMix (Kapa Biosystems)
(see Note 3).

NEXTflex Bisulfite-Seq Barcodes (Bioo Scientific).

Qubit dsDNA High Sensitivity kit.

Qubit Fluorometer.

Agilent Bioanalyzer 2100.

Agilent DNA High Sensitivity kit.
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3 Methods

3.1 DNA Extraction
from Endosperm

3.2 DNA
Fragmentation
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17.

18.
19.
20.

. Snap-freeze three immature endosperms in a 2 mL Multibeads

shocker tube with liquid nitrogen. Grind to a fine powder
using Multibeads shocker (2000 rpm, 7 s) (se¢ Notes 4 and 5).

. Add 300 pL of DNA extraction buffer and vortex for 5 s.

. Add 150 pL of benzyl chloride and vortex for 5 s (se¢ Note 6).
. Incubate tubes at 50 °C for 10 min, with occasional vortexing.
. Add 150 pL of precipitation buffer and vortex for 5 s.

. Place tubes on ice for 15 min.

. Centrifuge at >12,000 4 for 10 min at 4 °C.

. Collect supernatant in a new tube.

. Add 1x volume of isopropyl alcohol and mix.

. Place tubes on ice for 10 min.

. Centrifuge at >12,000 4 10 min at 4 °C.

. Discard supernatant and add 1 mL 70% ethanol.

. Centrifuge at >12,000 4 for 5 min at 4 °C.

. Discard supernatant and air-dry for 5 min.

. Dissolve in 100 pL elution buffer (se¢ Note 7).

. Add 1 pL of RNase A solution and incubate at 37 °C for

10 min.

Add 100 pL of isopropyl alcohol and 10 pL of precipitation
buffer.

Repeat steps 11-15 (see Note 8).
Add 100 pL of elution buffer.

Measure DNA concentration with Qubit dsDNA High
Sensitivity kit and Qubit fluorometer (see Note 9).

. Transfer 2 pg of genomic DNA in 130 pL of elution buffer to

a microTUBE AFA Fiber Pre-Slit Snap-Cap.

2. Run Covaris with 200 bp target mode.

. Collect 100 pL of sonicated DNA in a DNA LoBind tube.

4. Add 60 pL of Agencourt AMPure XP beads and mix well by

pipetting or vortexing.

. Incubate at room temperature for 10 min.

6. Place tubes on DynaMag-2 magnet for 5 min.

. Collect the supernatant (containing DNA <500 bp) into a new

DNA LoBind tube. Discard the tube with the bead pellet
(containing DNA >500 bp).
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3.3 End-prep
and Adaptor Ligation
(See Note 11)

14.
15.

16.
17.
18.
19.

. Add 80 pL of Agencourt AMPure XP to the upper size selected

supernatant and mix well by pipetting or vortexing.

. Incubate at room temperature for 10 min.
10.
11.
12.
13.

Place tubes on DynaMag-2 magnet for 5 min.
Discard the supernatant containing DNA <150 bp.
Add 500 pL of 80% ethanol to the tube and wait 30 s.

Discard the supernatant. Add 500 pL of 80% ethanol to the
tube and wait 30 s again.

Discard the supernatant. Try to remove any residual ethanol.

Keep the lid open and air-dry at room temperature for 3 min
or until the bead pellet dries (see Note 10).

Add 26 pL of elution buffer and mix well by pipetting.
Incubate at room temperature for 2 min.

Place tubes on DynaMag-2 magnet for 2 min.

Collect the supernatant into a PCR tube.

. Add 3.5 pL of End-prep buffer and 1.5 pL. of End-prep

enzyme, included in the NEBNext Ultra II End-prep module,
to the double size selected DNA.

. Perform the following end-prep reaction in the PCR machine:

End-prep reaction program

20 °C 30 min
65 °C 30 min
4°C Hold

. Add 15 pL of ligation master mix, 0.5 pL of ligation enhancer

(included in the NEBNext Ultra II Ligation module), and
1.25 pL. of NEXTflex Bisulfite-Seq Barcodes.

. Perform the following adaptor ligation reaction in the PCR

machine:

Adapter ligation reaction program
20 °C 15 min
4°C Hold

. Collect the adaptor ligated DNA into a new DNA LoBind

tube.

. Perform Subheading 3.2, steps 8—18 with 38 pL of Agencourt

AMPure XP and elute purified products with 50 pL of elution
bufter.

. Collect the supernatant into a new DNA LoBind tube.



3.4 Bisulfite
Gonversion

3.5 Library
Amplification

11.
12.

13.
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. Perform Subheading 3.2, steps 8-18 with 50 pL. of AMPure

XP beads and elute with 21 pL of elution buffer.

. Collect the 20 pL of supernatant into a new PCR tube.

. Add 900 pL of water, 300 pL of M-dilution buffer, and 50 pL

of M-dissolving buffer into a tube of CT conversion reagent,
included in the EZ DNA Methylation-Gold kit. Vigorously
vortex for 10 min at room temperature.

. Add 130 pL of CT conversion reagent to adaptor-ligated DNA

fragments from Subheading 3.3, step 9.

. Perform the following bisulfite conversion reaction in the PCR

machine:

Bisulfite conversion reaction program

98 °C 10 min
64 °C 150 min
4°C Hold (up to 20 h)

. Place a Zymo-Spin IC Column into a collection tube supplied

in the EZ Methylation-Gold kit. Add 600 pL of M-binding
buffer to a Zymo-Spin IC Column.

. Add the sample from Subheading 3.4, step 4 to a Zymo-Spin

1C Column with M-binding butfer. Close the lid and mix well
by inverting the column several times.

. Centrifuge at >12,000 g for 30 s at room temperature. Discard

the flow-through and place the column into the same tube.

. Add 100 pL of M-wash butffer to the column and centrifuge at

>12,000 g for 30 s at room temperature.

. Add 200 pL of M-desulfonation buffer to the column and

incubate at room temperature for 15-20 min.

. Centrifuge at >12,000 g 30 s at room temperature.
10.

Add 200 pL of M-wash buffer to the column. Centrifuge at
>12,000 g for 30 s at room temperature.

Repeat Subheading 3.4, step 10.
Discard the flow-through and place the column into the same
tube. Centrifuge at >12,000 g4 for 2 min at room temperature.

Add 24 pL of M-elution buffer to the column. Centrifuge at
>12,000 g for 30 sec at room temperature and elute the bisul-
fite converted DNA.

. Add 25 pL of KAPA HiFi Uracil+ Ready Mix and 2.5 pL of

primers supplied with NEXTflex Bisulfite-Seq Barcodes.
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2. Perform the following library amplification in the PCR machine

(see Note 12):

Library amplification program

95 °C 2 min
98 °C 30s
4 cycles of

98 °C 10s
60 °C 30s
72 °C 30s
4°C Hold

. Collect the reaction mix into a new DNA LoBind tube.

Perform Subheading 3.2, steps 8—18 with 50 pL of Agencourt
AMPure XP and elute with 21 pL of elution buffer.

4. Collect 20 pL of supernatant into a new DNA LoBind tube.
. Measure the DNA concentration with a Qubit dsDNA High

Sensitivity kit and Qubit fluorometer.

4 Notes

. SPRI beads from other suppliers work. However, the amount

of beads should be optimized because slight changes in the
PEG8000 concentration can greatly affect the size of bead-
bound DNA.

. I recommend the EZ DNA Methylation-Gold kit or

MethylCode Bisulfite Conversion kit. I encountered mapping
bias when using the EpiTect Bisulfite Conversion kit.

. The KAPA HiFi HotStart Uracil+ ReadyMix can amplify

libraries with less mapping bias and higher fidelity.

. This DNA extraction protocol works with other plant tissues

below 100 mg, such as leaves and roots.

. Multibeads shocker can be substituted with similar equipment,

such as TissueLyser and Shake Master. Pulverization can be
performed with a mortar and pestle.

. Benzyl chloride is hazardous. Use a fume hood to avoid expo-

sure to benzyl chloride and its vapor.

. Incubate at 50 °C for 10 min if the genomic DNA is difficult

to dissolve.
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Table 1
PCR cycles required for different amounts of input DNA

Input DNA PCR cycles
2 g 4

1pg 5

500 ng 6

250 ng 7

100 ng 8

50 ng 9

25 ng 10

10 ng 12

5 ng 13

1 ng 15

8. Subheading 3.1, steps 17 and 18 are optional but highly rec-

10.

11.

12.

ommended because they improve the DNA quality (in terms
ot'260,/280 and 260,230 optical densities).

. Use Qubit or another fluorescence-based DNA quantification

method because UV spectrophotometers, such as NanoDrop,
can overestimate the DNA quantity through contamination.

Do not over-dry the beads longer than 5 min because this will
greatly affect the recovery rate.

The reaction volume used in this technique is half that of the
manufacturer’s protocol.

This protocol works for limited amounts of DNA as low as
1 ng for Arabidopsis, whose genome size is 119 Mb. The low-
est input should be higher for species with larger genomes
(e.g., 3 ngtor rice with a genome size of 370 Mb). Amplification
cycles should be increased for lower inputs, as indicated in
Table 1. However, extra amplification cycles increase redun-
dancy, so more sequencing may be required.
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Genome-Wide Identification of Allele-Specific Gene
Expression in a Parent-of-Origin Specific Manner

Chen Chen @ and Kevin Begcy

Abstract

Upon fertilization, normal endosperm and embryo development require the contribution of both the
maternal and paternal genomes. However, certain genes are expressed in a parent-of-origin-dependent
manner, an epigenetic phenomenon known as genomic imprinting. Despite the blast of new technologies
and the crucial advances of the past decades in the epigenetics field, novel imprinted genes are yet to be
discovered and thus key regulators of early seed development. Using rice plant as a model, we describe
a method for the identification of imprinted genes based on an RNA-Seq approach, which allows the
identification of maternal and paternal gene expression in a parent-of-origin-specific manner.

Key words Cereals, Imprinting, Allele-specific gene expression, Epigenetics, Rice, Endosperm,
Embryo

1 Introduction

In angiosperms, the vast majority of the genome is expressed
equally from maternal and paternal alleles. However, some genes
present a biased expression of alleles that depends upon the parent
of origin, an epigenetic phenomenon referred to as imprinting.
Histone modifications or DNA methylation or a combination of
both mechanisms are key epigenetic regulators of genomic imprint-
ing [ 1-4]. Genes that preferentially or exclusively express one allele
of their parents are termed maternally expressed genes (MEG) or
paternally expressed genes (PEG) [2]. Despite a widespread inter-
est in genomic imprinting and the identification of hundreds of
putative imprinted loci, there is a slight conservation of imprinted
genes among crop species, suggesting a dynamic and rapid evolu-
tion of genomic imprinting.

Genome-wide identification of imprinted genes includes
reciprocal crosses of closely related plant species, harvesting of
developing endosperm, construction of libraries, RNA sequencing,
alignment and single-nucleotide polymorphism (SNP) calling,

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
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Fig. 1 Schematic illustration of major steps involved in genome-wide identification
of allele-specific gene expression in a parent-of-origin-specific manner

identification of allele-specific expression (imprinting), and valida-
tion (Fig. 1). One of the main challenges in the identification of
imprinted genes is the variation in the allele-specific expres-
sion attributed to possible expression of one or several isoforms,
tissue-specific expression or developmental regulation [5-7].
Despite the blast of new technologies and the crucial advances in
the past decades, the elucidation of mechanisms and biological
functions of genomic imprinting is not well understood, and there-
fore the accurate identification of the whole set of imprinted genes
present in cereal crop genomes is crucially needed. Several
approaches have been used to identify genomic imprinting, includ-
ing screenings based on gene expression analysis [2, 8], epigenetic
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features and differential methylation [9, 10]. Notably, imprinting
is predominantly expressed in the endosperm of plants, though few
imprinted genes have been found in the embryo but with contro-
versy. Using rice as a model, we described a detailed step-by-step
protocol to identity allele-specific gene expression in a parent-of-
origin-specific manner in cereals.

2 Materials

2.1 Plant Material

2.2 Reagents

2.3 Equipment

Indica and japonica belong to different subspecies of the Asian
cultivated rice (Oryza sativa), showing a relative distant genetic
relationship [11]. Hybrid seeds derived from intraspecific crosses
between ndica and japonica are usually viable. More importantly,
the abundant DNA polymorphisms present across japonica and
indica genomes are key features to distinguish parental alleles of
most of the genes encoded by the rice genome. Therefore, here we
used O. sativa ssp. indica and O. sativa ssp. japonica as parental
species to perform reciprocal crosses for the identification of
imprinted genes in rice (se¢ Note 1). Similar flowering time
between the parents is a desirable trait (se¢ Note 2).

TRIzol Reagent (Life Technologies) or TRI reagent or similar.
DEPC (RNase-free) water (see Note 3).

Chloroform (Fisher) or similar.

Isopropyl alcohol (2-propanol) (Sigma-Aldrich) or similar.
Ethanol 75% (in DEPC-treated water).

KAPA SYBR® FAST qPCR Master Mix (2x) Universal Kit
(Sigma-Aldrich) or similar.

7. TruSeq RNA Library Prep Kit v2 (Illumina) or similar.

. pGEM®-T Easy Vector (Promega) or similar TA cloning vector.

o Gk

O o

. QIAprep® Miniprep (Qiagen) or similar.

10. LB medium or similar.

11. GoTaq™ DNA Polymerase (Promega) or similar.

12. T4 DNA ligase (Promega) or similar.

13. Dynabeads™ Oligo(dT)25 (ThermoFisher).

14. RNAlater™ Stabilization Solution (ThermoFisher) or similar.
15. RNeasy Plant Mini Kit (Qiagen) or similar.

Tissue Lyser II (Qiagen) or a pestle and mortar.
Centrifuge 5424R (Eppendorf) or similar.
Microcentrifuge 5702 (Eppendorf) or similar.

il

MasterCycler RealPlex (Eppendort) or similar.
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5.

O 0 NN O

MaxQ 420 High Performance Shaker (ThermoFisher) or
similar.

. Agilent 2100 Bioanalyzer (Agilent Technologies) or similar.
. cBot 2 System (Illumina) or similar.
. Qubit® 2.0 Fluorometer (Life Technologies) or similar.

. Thermo Scientific Precision GP 20 Water Bath or similar.

3 Methods

3.1 Reciprocal
Crossing of Rice

. Germinate rice seeds (O. sativa ssp. indica and O. sativa ssp.

Japonica or any cultivar, inbred line or variety of interest) in
water under dark conditions. After seed germination, trans-
plant seedlings to soil and grow them under controlled condi-
tions (27-30 °C) in the greenhouse until approaching anthesis
[2,12-14].

. Emasculate every spikelet of a panicle and carefully remove the

anthers completely at the day before flowering of each of the
plants that are going to be used as maternal parent. Use pol-
linating bags to cover emasculated panicles.

. As soon as anthers of the paternal parent begin to extrude,

shed pollen grains into the emasculated spikelet. Alternatively,
you can use three-line hybrid rice strains to construct recipro-
cal crosses (see Note 4). A cytoplasmic male sterile (CMS) line,
which fails to produce viable pollens usually due to a toxic
sterility gene encoded by the mitochondria genome, can be
used as the maternal parent. The corresponding maintainer
line of'a CMS line has the same nuclear genome but lacks the
cytoplasmic sterililty gene. The maintainer line is fertile; there-
tore, it can be used as pollen donor for the reciprocal crosses.
Because there is no need to remove the anthers of an emascu-
lated CMS spikelet, it is timesaving and more efficient for
crossing. Moreover, it greatly reduces the false hybridization
events when using the CMS lines and maintainer lines for
cross-pollination.

. Since imprinting is a highly dynamic process, collecting devel-

oping seeds at different days after pollination (DAP) would
allow to distinguish changes throughout plant development.

. It is important to separate endosperm (3n) from embryo (2n)

and maternal tissues (2n), since they have a different genomic
architecture and thus show genes with difterent parent-ot-
origin-dependent expression pattern.

. For caryopsis at 5 days after fertilization (DAF) or later, sepa-

ration of the tissues is not as difficult and laborious as during
early stage samples. However, caryopsis at early developmental
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3.2.1

Homogenization
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stages is difficult to separate from the endosperm, embryo and
maternal tissues. Laser capture microdissection (LCM) tech-
nology can be applied if one wants to discover the imprinted
genes for the very-early-developed endosperm.

For milky endosperm collection (seeds collected 7 DAF), a
pipette of 10 pL can be used to pull out all the endosperm
contained in each seed, thus, avoiding maternal tissue
contamination.

. For endosperm at dough stage (seeds collected 12—-15 DAF),

remove carefully seed coat using fine micro dissector forceps.

Collected samples need to be frozen in liquid nitrogen or sub-
merged immediately in a 1.5 or 2 mL Eppendorf tube con-
taining RNAlater stabilization solution.

RNA TRIzol isolation works fine for the early endosperm samples.
However, for samples older than 7 DAF, which contain high levels
of starch, some modifications need to be made in the isolation
protocol (see Note 5).

1.

o g W

Transfer plant material to a Tissue Lyser 11 adapter prechilled
in liquid nitrogen and homogenize with a frequency of 30 Hz
for 1 min. Alternatively, plant material can be ground using a
pestle and mortar to a fine powder.

From the fine powder material transter 50-100 mg to an
RNase-free 1.5 mL microcentrifuge tube (see Note 6).

Add 1 mL of TRIzol to every 50-100 mg of tissue.
Vortex samples vigorously for 30 s.
Incubate samples for 15 min at room temperature.

Carefully add 0.2 mL of chloroform to each tube and vortex
vigorously for 15 s.

7. Incubate samples for 5 min at room temperature.

10.
11.

12.
13.
14.
15.
16.

. Centrifuge samples for 15 min at 12,000 x gat 4 °C (see Note

7).
Transfer the colorless upper aqueous phase to a new RNase-
free 1.5 mL microcentrifuge tube (see Note 8).

Add 0.5 mL of isopropyl alcohol to precipitate RNA.

Mix gently all sample mixtures by inverting them 10 times (see
Note 9).

Incubate samples at room temperature for 5 min.
Centrifuge at maximum speed for 10 min at 4 °C.

Transfer the sample into a new tube.

Incubate for at least for 1 h at —20 °C.

Centrifuge for 10 min at 12,000 x g at 4 °C (see Note 10).
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3.2.2 RNA Wash

3.3 Library
Construction
and RNAseq

3.4 SNP Calling
and Alignment

N Ut D

Discard the supernatant.

Wash the RNA pellet with 1 mL of prechilled 75% ethanol.
Mix sample by vortexing (see Note 11).

Centrifuge at 12,000 x g for 5 min at 4 °C.

Remove supernatant.

Let the pellet air-dry for 10 min.

Dissolve the pellet in 30-60 pL. of RNase-free water.

. Library construction largely depends on the kit used for its

synthesis. For paired-end libraries we recommend TruSeq®
RNA Sample Preparation Kit. A detailed protocol can be
found enclosed in the TruSeq® RNA Sample Preparation
Guide.

. Purification of Poly-A-containing mRNA molecules can be

performed using poly-T oligo-attached magnetic beads or
similar.

. For library quality control, purified libraries can be quantified

by Qubit® 2.0 Fluorometer or similar.

. For validation, confirmation of insertion size and concentra-

tion, an Agilent 2100 Bioanalyzer or similar can be used.

. Cluster was generated by cBot 2 system or similar, with a con-

centration of 10 pM per library.

After confirming quality and concentration of the libraries,
they are submitted for sequencing using Illumina HiSeq 2500
platform or similar.

. Prior to alignment to the reference genome, low quality reads

should be removed. Trimming can be performed using
Trimmomatic v0.32; however, similar trimming programs
could be used.

. Reads containing Ns need to be removed, and then adaptor

sequences trimmed.

. Low quality nucleotides of each read (quality value <20) are

removed from the 3’ to 5'.

. Discard reads with less than 36 nt, along with their paired-end

reads.

. Align clean reads to the genome of interest. We used rice ref-

erence genome (MSU 7.0) implementing a bowtie2 pipeline
(--very-fast-local). For other cereals use the most recent
genome version.

. The generated .bam files then can be submitted to GATK

(version 3.5-0-g36282¢4) for SNP extraction using the



3.5 Statistical
Methods for Imprinted
Genes Mining

3.6 Validation

of the Parent-of-
Origin-Dependent
Expression Pattern

3.6.1 Reverse
Transcription PCR (RT-PCR)
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parameters -baq CALCULATE_AS_NECESSARY -hets
0.0010-stand_call_conf 0 —stand_emit_conf 0.

. SNDPs with coverage above 10 were used for the subsequent

analysis.

. Only uniquely mapped reads need to be used for subsequent

analysis. Polymorphisms detected from the alignments were
used to develop read counts of the parental alleles (Fig. 2A).

. To determine potential imprinted genes of plants, a threshold

of a two-fold expression than the expected needs to be used.
For instance, for a maternally expressed gene, the ratio of the
number of maternal transcripts to the number of paternal
transcripts needs to be higher than 4:1. Alternatively, for a
PEG, the ratio of the number of maternal transcripts to the
number of the paternal transcripts needs to be less than 2:2.
We recommend a more stringent threshold (>10:1 or <2:5 for
the MEGs and PEGs, respectively) to avoid false positive
signals.

. To test whether a gene expression deviation from the 2:1

(maternal:paternal) expectation is significant, Chi-square test
can be used as a reliable method to confirm imprinted genes
with polymorphisms.

. To validate a gene showing parent-of-origin-dependent expres-

sion pattern, design primers spanning a SNP site (Fig. 2B).

. Amplify parental transcripts from endosperm cDNA of the

parental lines and the reciprocal hybrids by RT-PCR approach.

. Set up RT-qPCR reactions containing: 5 pL. of cDNA of endo-

sperm as a template, 10 pL. of KAPA SYBR® FAST qPCR
Master Mix (2x), 1 pL of each forward and reverse primer at a
concentration of 10 pM, and 8 pL of H,O. Load samples in
triplicate in a PCR plate and spin down while avoiding the
formation of foam.

. qPCR cycling conditions are as follows: 3 min at 95 °C, fol-

lowed by 40 cycles of denaturation at 95 °C for 15 s; anneal-
ing at 60 °C for 20 s; and extension at 72 °C for 20 s. Set a
melt curve to run at 60 °C and then 10 s each at 0.2 °C incre-
ments between 62 and 95 °C.

. The PCR products amplified from the reciprocal crosses along

with those from the parents are sequenced. If only the mater-
nal or paternal alleles are found, as the examples shown in
Fig. 2B, it strongly suggests that the genes are MEGs or PEGs,
respectively. CAPS assay is an additional technique that might
be considered, which allows to distinguish polymorphisms
between parental alleles by enzymatic cleavage.
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Fig. 2 Identification of imprinted genes in rice. (A) Calcium-dependent protein kinase 23 (CDPK23, LOC_
0s10g39420) and Indole-3-pyruvate monooxygenase 11 (YUCCAT1, LOC_0s12g08780) identified as a MEG
and a PEG in rice, respectively. (B) Gene model of CDOPK23 and YUCCAT1; arrows represent primers designed



3.6.2 Cloning 1.

and Sequencing

10.
11.

12.
13.

14.

15.
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Maternal and paternal alleles can also be validated by cloning
and sequencing candidate genes. To quantify parental
transcripts, QPCR products need to be cloned into a TA vector
(Fig. 2C).

Ligate qPCR products into pGEM®-T Easy Vector or similar
TA cloning vector and the control insert.

. Set up ligation reactions in 0.5 mL tubes known to have low

DNA binding capacity as followed: 5 pL of 2x Rapid Ligation
Bufter, 1 pL. of pGEM®-T Easy Vector (50 ng), 1 pL. of T4
DNA Ligase (3 Weiss units/pL), 2 pL. qPCR product and
1 pL of deionized water to a final volume of 10 pL.

Mix the reactions by pipetting. Incubate the reactions 1 h at
room temperature. Alternatively, incubate the reactions over-
night at 4 °C for the maximum number of transformants.

Prepare LB /ampicillin/IPTG/X-Gal plates.

. Spin down the ligation reactions and add 2 pL of each ligation

reaction to a sterile 1.5 mL tube on ice. Prepare a control tube
with 0.1 ng of uncut plasmid.

Use 50 pL of thermocompetent high efficient cells for a better
number of transformants. Place competent cells on ice for
5 min.

Mix cells by gently pipetting up and down.

Careftully transfer each ligation reaction, including controls, to
a tube containing 50 pL of competent cells. Mix cells and liga-
tions by gently pipetting up and down.

Incubate on ice for 30 min.

Heat-shock the competent cells containing the ligation for
45 s in a water bath, thermo block or similar at exactly 42 °C
(see Note 12).

Immediately transfer the tubes to ice for 5 min.

Add 500 pLL LB medium at room temperature to the compe-
tent cells containing ligation reactions and incubate them for
1 h at 37 °C on a shaker (~200 rpm).

Plate 100 and 200 pL of each transformation culture onto
LB /ampicillin/IPTG /X-Gal plates.

Incubate plates overnight at 37 °C. Select white colonies. Blue
colonies do not contain the insert of interest.

<
<

Fig. 2 (continued) over the gene for the SNP identification. SNPs (indicated by stars) located in the coding
region were used to distinguish the japonica from indica parents. For the japonica and indica reciprocal hybrids
(indica x japonica and japonica x indica), only maternal or paternal peaks can be observed, indicating the
parent-of-origin-dependent expression in the hybrids. (G) Overview of one of the validation methods (cloning
and sequencing) used for the identification of imprinted genes. (D) Clones used to confirm SNPs from maternal

and paternal parents
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16.

17.
18.

Pick single white colonies and grow them in 5 mL of liquid LB
medium overnight at 37 °C.

Extract plasmid DNA using QIAprep® Miniprep or similar.

Send extracted plasmid DNA from each individual clone to
DNA sequencing. To evaluate the maternal /paternal ratio use
SNPs present in the genome of the parental lines. At least 10
or more individual clones are required to be sequenced per
gene to make an unbiased assessment (Fig. 2D).

4 Notes

. It is necessary to use closely related species with certain level

of genomic polymorphisms to be able to distinguish between
paternal and maternal genomes.

. If you use varieties/cultivars with different flowering time,

plant them during consecutive weeks to match their flowering
windows.

. Alternatively, 0.5% SDS solution in DEPC-treated water can

be used.

A cytoplasmic male sterile (CMS) line could be used to pre-
vent auto fertilization. The CMS system contains three types
of lines: a CMS line, a maintainer line and a restorer line. A
CMS line harbors a sterililty gene encoded in the mitochon-
drial genome, which leads to complete sterility. A maintainer
line does not pose a sterililty gene into its genome; therefore,
it is able to produce viable and fertile pollen. Because a CMS
lines does not produce viable pollen, when it crosses with a
maintainer line, all the seeds obtained are true hybrids. Thus,
it avoids false hybrids and greatly reduces labor work.

. If you use 1.5-2 mL microcentrifuge tube and pestle for

homogenization sample the volume should not exceed the
100 pLL mark in the Eppendorf tube. First, start with 500 pL
of TRIzol, and then add the remaining 500 pL.

RNeasy Plant Mini Kit contains a lysis butfer for secondary
metabolites-rich tissues. It is recommended for RNA extrac-
tion of milky endosperm.

. Centrifugation separates the mixture into three phases: a red

organic phase containing the protein; an interphase, usually
white, containing the DNA; and a colorless upper aqueous
phase containing RNA.

. Use a 100-200 pL pipette to avoid contamination picking the

interphase containing the DNA during the transferring.
Usually, maximum of 700 pL of a colorless phase can be trans-
ferred to the clear tube.
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9. Do not vortex the samples during this step.

10.

A white pellet will form on the bottom or on the side of the

Eppendort tube. If you do not see it, continue to the next
step. Sometimes it is transparent and difficult to see.

11.

12. Do not shake.

The RNA pellet may float.

This work was supported by a departmental start-up grant from
the Environmental Horticulture Department at the University of
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e Chapter 12

Analysis of Epigenetic Modifications During Vegetative
and Reproductive Development in Cereals Using Chromatin
Immunoprecipitation (ChiP)

Kevin Begcy » and Thomas Dresselhaus

Abstract

The study of heritable genetic changes that do not implicate alterations in the DNA sequence—epi-
genetics—represents one of the most prolific and expanding fields in plant biology during the last two
decades. With a focus on DNA methylation and histone modifications, recent advances also reported the
identification of epigenetic regulatory mechanisms that control reproductive development in cereal crop
plants. One of the most powerful methods to selectively study interactions between epigenetic factors or
specific proteins bound to genomic DNA regions is called chromatin immunoprecipitation (ChIP). ChIP
can be widely used to determine the presence of particular histones with posttranslational modifications at
specific genomic regions or whether and where specific DNA-binding proteins including transcription fac-
tors interact with candidate target genes. ChIP is also an exciting tool to study and compare chromatin
states under normal and stress conditions. Here, we present a detailed step-by-step ChIP assay to investi-
gate epigenetic chromatin marks during vegetative and reproductive development in cereals. However, the
method described here can be used for all plant tissues and plant species.

Key words Cereals, Reproduction, Chromatin, Epigenetics, Histone modification, ChIP

1 Introduction

In recent years, epigenetics has promptly developed into one of the
most prolific, expanding and influential areas in the biosciences. In
plants, a large number of reproductive processes have been also
described associated to epigenetic regulation including the transi-
tion from diploid sporophytic tissues to the establishment of germ
lines and haploid gametophytic generations [1-3]. These include
the production of male (pollen) and female (embryo sacs) gameto-
phytes, which upon maturation, are ultimately required in a highly
complex and dynamic process of double fertilization that is charac-
teristic of all angiosperms (flowering plants) [4, 5]. Epigenetic pro-
cesses, including histone methylation, histone acetylation, and
DNA methylation, are highly dynamic and have been shown to

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
https://doi.org/10.1007/978-1-4939-9865-4_12, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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regulate the switch from vegetative to reproductive development
under normal and stressful conditions in model and cereal crop
plants [4]. Among the different epigenetic factors, histone modifi-
cations including methylation, phosphorylation, acetylation, ubiq-
uitination, and sumoylation are the most frequent epigenetic marks
studied. Typically, monomethylated, dimethylated, and trimethyl-
ated lysines and arginines are the most widespread histone marks
across genomes. For instance, trimethylation of lysine 27 of his-
tone H3 (H3K27me3) is associated with a repressive chromatin
state [6, 7], while trimethylation of lysine 4 of histone H3
(H3K4me3) and trimethylation of lysine 36 of histone H3
(H3K36me3) have been linked with an activation of the chromatin
[8-10]. To investigate how epigenetic factors control gene expres-
sion and regulation, chromatin immunoprecipitation (ChIP) is
now the preferred method of choice.

ChIP can be used to study the association of epigenetic factors,
modified histones and other DNA-binding proteins at specific
DNA regions at a genome-wide scale [11, 12]. ChIP is based on
the ability of a crosslinking agent to form stable protein—-DNA and
protein—protein structures that can be reversed by acid or elevated
temperatures. Cross-linking by UV irradiation was initially used
[13], but nowadays formaldehyde is the most widely used cross-
linking agent [14]. After DNA is ChIPed, it can then be detected
by a variety of downstream approaches including semiquantitative
PCR, real-time PCR, southern blotting, DNA-Chip or sequencing
(Fig. 1). Here we present a detailed protocol for ChIP including
PCR and qPCR as downstream detection methods.

2 Materials

2.1 Plant Material

2.2 Equipment

Vegetative and reproductive tissues of cereals such as leaves, roots,
whole flowers, glumes, lodicules, anthers, pollen, ovaries, dissected
embryo sacs, tassels, seeds, and silks. Several methodologies have
been developed for the isolation of a variety of reproductive tissues
including male and female gametophytes, embryos and endosperm
[15-18].

Tissue Lyser IT (Qiagen) or a pestle and mortar.
Bioruptor® Plus sonication device (Diagenode) or similar.
MasterCycler RealPlex (Eppendort) or similar.
Mastercycler x50 (Eppendort) or similar.

Centrifuge 5424R (Eppendorf) or similar.

A

Growth chambers (I-36VL; Percival Incubators) or similar.
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Schematic procedure of ChiP Timeline
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Fig. 1 Schematic illustration and timeline of a chromatin immunoprecipitation (ChIP) protocol designed for

plant reproductive development and other tissues
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7.

Tube Rotator with Free Falcon Tube Holder, 120 VAC
(Stuart) or similar.

. Vacuum pump attached to a desiccator (Cole-Parmer) or

similar.

Low protein binding collection tube (Thermo Fisher) or
similar.

10. Hybridization oven (VWR) or similar.

2.3 Reagents 1. Anti-trimethyl-Histone H3 (Lys27) antibody (Anti-
H3K27me3). Rabbit polyclonal antibody. Catalog number:
07-449 (Sigma-Aldrich).

2. Anti-trimethyl-Histone H3 (Lys36) antibody (Anti-
H3K36me3). Rabbit monoclonal antibody. Catalog number:
05-801 (Sigma-Aldrich).

3. Anti-Histone H3 antibody (Anti-H3). Rabbit polyclonal anti-
body. Catalog number: 09-838 (Sigma-Aldrich).

4. Tablets: cOmplete™, EDTA-free Protease Inhibitor Cocktail
(Sigma-Aldrich).

5. Phase Lock Gel™, QuantaBio (VWR International).

6. Miracloth (Millipore Sigma).

7. GoTaq® Green Master Mix (Promega).

8. KAPA SYBR® FAST qPCR Master Mix (2x) Universal
Kit(Sigma-Aldrich).

2.4 Solutions Prepare all solutions fresh each time immediately before usage.
Keep everything on ice in a cold room. Stocks may be prepared
beforehand.

1. Fixation Buffer (se¢ Note 1)

Solution Stock to37mL
1% formaldehyde 37% 1 mL
0.4 M sucrose 2M 6 mL

10 mM HEPES pH 8.0 1M 0.3 mL
100 mL H,O + 2 tablets cOmplete™ - 30 pL

(EDTA free proteinase inhibitor)

1x AEBSF (4-(2-aminoethyl) benzenesulfonyl ~— 97% 30 pL
fluoride hydrochloride)

5 mM B-ME (mercaptoethanol) 14.3 M 10.5 pL.
B-Glycerophosphate 99% 30 pL
H,0 - 29.59 mL
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Solution Stock to30mL

0.4 M sucrose 2M 6 mL

10 mM HEPESpH 8.0 1M 0.3 mL

100 mL H,O + 2 tablets - 30 pLL

cOmplete™

1x AEBSF 97% 30 uL

5 mM p-ME 143 M 10.5pL

B-Glycerophosphate 99% 30 uL

H,O - 23.65 mL
3. Extraction Buffer 2

Solution Stock to1mL

0.25 M sucrose 2M 125 pL

1% triton X-100 10% 100 pL

10 mM HEPESpH 8.0 1M 10 pL

10 mM mgCl, 1M 10 uL

1x AEBSF 97% 1 pL

2 mL H,O + 1 tablet - 40 pL

cOmplete™

5 mM pB-ME 143 M 0.35pL

B-Glycerophosphate 99% 10 uL

H,O - 703.65 pL
4. Extraction Buffer 3

Solution Stock to1mL

1.7 M sucrose 2M 850 pL

10 mM HEPESpH 8.0 1M 10 pL

5 mM B-ME 143 M 0.35pL

1% triton X-100 10% 15 pL

2 mM mgCI2 1M 2 uL

1x AEBSF 97% 1pL

2 ml H,O + 1 tablet - 40 pL

cOmplete™

B-Glycerophosphate 99% 10 pL

H,O

71.65 pL
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5. Nuclei Lysis Buffer

Solution Stock to1mL
10 mM EDTA 05M 20pL
50 mM HEPES pH 8.0 1M 50 pL
1% SDS 10% 100 uL
1x AEBSF 97% 1L

2 mL H,O + 1 tablet - 40 pL
cOmplete™

B-Glycerophosphate 99% 10 pLL
H,O0 - 779 pL

6. ChIP Dilution Buffer

Solution Stock to5mL

10 mM EDTA 0.5M 12pL
16.7 mM HEPESpH 8.0 1M 83.5 uL

1% triton X-100 10% 550 pL
167 mM NaCl 5M 167 uL
1x AEBSF 97% 5 uL

2 mL H,O + 1 tablet - 40 pL
cOmplete™

B-Glycerophosphate 99% 10 pLL
H,O - 4.18 mL

7. Low Salt Buffer

Solution Stock to5mL
0.1% SDS 10% 50 pL
1% triton X-100 10% 500 pL
150 mM NaCl 5M 150 uL
2 mM EDTA 0.5M 20puL
20 mM HEPESpH 8.0 1M 100 pL
H,O = 4.18 mL

8. High Salt Buffer

Solution Stock to5mL

0.1% SDS 10% 50 uL
1% triton X-100 10% 500 pL
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Solution Stock to5mL

2 mM EDTA 05M 20 pL
20mM HEPESpH 8.0 1M 100 pL
500 mM NaCl 5M 500 pL
H,0 - 3.83mL

9. LiCl Buffer

Solution Stock to5mL

1 mM EDTA 05M 10pL

1% NP40 10% 500 pL

1% sodium deoxycholate — 50 mg

10 mM HEPESpH 8.0 1M 50 pL

500 mM NaCl 8M 15625 pL

H,O - 4.28 mL.
10. TE Buffer

Solution Stock to 200 mL

1 mM EDTA 05M 04mL

10 mM Tris-HCIpHS8 1M 2 mL
H,O - 197.6 mL

11. Elution Buffer

Solution Stock to10 mL
0.1 mM NaHCO; 1M 1 mL
1% SDS 10% 1 mL
H,0 - 8 mL

12. Protein Degradation Buffer

to
Solution Stock 31 pL
0.5 M EDTA 0.5 M 10 pL
1 M Tris—-HCI 1M 20 pL

pH 6.5-6.8

20 mg/mL proteinase K 20 mg/ 1 puL
mL
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3 Methods

3.1 Chromatin
Crosslinking

Germinate cereals seeds in their specific growth conditions
containing a substrate and soil mixture. For rice (Oryza sativa),
geminate seeds on filter paper moistened with autoclaved double-
distilled water (ddH,O) under dark conditions in growth cham-
bers at a constant temperature of 28 °C [19]. Consider a seed
germinated when the coleoptile has clearly emerged. Transplant
germinated seeds to soil and grow them under controlled condi-
tions (27-30 °C) in the greenhouse [7, 20]. For wheat ( Triticum
aestivum L.), germinate seeds on filter paper under dark conditions
at room temperature in an incubator for 3 to 5 days [21]. Check
periodically that the filter paper has not dried out (see Note 2). For
winter varieties, vernalize seedlings at 4 °C for 6 weeks and then
transplant them to a one gallon pot of soil-sand mixture (3:1, v/v)
and grow them in a growth chamber under the following condi-
tions: relative humidity of 50-70%; 16-h light/8-h dark photope-
riod; 21 °C/18 °C day/night temperature [22]. For maize
(Zea mays), soak seeds in tap water for 12 h and then transfer them
to petri dishes. The protrusion of the radicle occurs between 48
and 72 h after seeds being placed on the petri dishes. Transfer ger-
minated seeds in an incubator and then place individual seedling to
pots (10 cm diameter, 10 seedlings per pot) containing a substrate
and soil mixture (1:1, v/v) to the greenhouse under controlled
conditions of 14 h of light at 25 + 2 °C and 10 h of darkness at
21 + 2 °C and a constant air humidity of 60-65% [15].

After providing optimal plant growth conditions, allow plants
to reach vegetative or reproductive development at the specific
stage of interest.

To achieve good quality results, all reactions and incubation
steps are performed at room temperature if not stated otherwise
explicitly.

1. Harvest 1-3 g of plant material (anthers, pollen, ovules, silks,
seeds, leaves, roots, etc.) into 50 mL Falcon tubes containing
prechilled 37 mL of Fixation buffer (see Note 3).

2. Gently submerge plant material to the bottom of 50 mL
Falcon tubes and vacuum infiltrate material for 20 min at 25
pound-force per square inch (PSI).

3. Stop crosslinking by adding 2.5 mL of 2.5 M glycine to 50 mL
Falcon tubes containing plant material and vacuum infiltrate
samples for 15 min at 25 PSI.

4. Remove material from the vacuum and rinse off formaldehyde
(Fixation Buffer) with 40 mL Milli-Q water. Repeat three

times. After the last wash, remove as much water as possible
(see Note 4).



3.2 Chromatin
Preparation

3.3 Sonication

10.
11.

ChIP During Development in Cereal 149

. Freeze plant material in liquid nitrogen. At this step material

can be stored at —80 °C until further use.

. Transfer plant material to a Tissue Lyser II adapter prechilled

in liquid nitrogen and homogenize with a frequency of 30 Hz
for 1 min (see Note 5). Alternatively, plant material can be
ground using a pestle and mortar to a fine powder.

Add ground material to 30 mL of Extraction Buffer 1 in a
50 mL Falcon tube and incubate on a rotating wheel at 4 °C
for 10 min. Do not vortex.

Centrifuge the solution for 20 min at 3000 g4 at 4 °C.

. Filter the solution through a double layer of Miracloth into a

clean 50 mL Falcon tube (see Note 6).
Centrifuge the filtered solution for 20 min at 3000 g at 4 °C.

. Gently remove the supernatant and resuspend the pellet con-

taining crude nuclei in 1 mL of Extraction Buffer 2 by pipet-
ting up and down.

Transfer the solution to a 2 mL Eppendorf tube and centri-
fuge at 12,000 g for 10 min at 4 °C. Repeat this step, 3 to 4
times (see Note 7).

Remove supernatant and resuspend the pellet in 400 pL of
Extraction Buffer 3 (se¢ Note 8).

In a clean 2 mL Eppendorf tube add 1.1 mL of Extraction
Buffer 3 and gently layer the resuspended pellet on top (see
Note 9).

Centrifuge for 1 h at maximum speed at 4 °C.

Remove the supernatant and resuspend the chromatin pellet
in 400 mL of Nuclei Lysis Buffer. Transfer resuspended pellet
to a clean 2 mL Eppendorf tube. Incubate on ice for at least
30 min.

. Collect 50 pLL (before sonication) to compare with the soni-

cated material.

2. Sonicate samples for 10 cycles, program: 30 s on/oft (se¢ Note 10).

. Collect 50 pL (after sonication) to compare sonication etfi-

ciency (see Note 11).

. Centrifuge remaining chromatin solution for 10 min at

14,000 g at 4 °C. Transfer supernatant to a clean 1.5 mL low
protein binding collection tube. Repeat centrifugation once
with atorementioned parameters.

. In a low protein binding tube wash Protein A agarose beads

three times in ChIP Dilution buffer. After each washing step,
collect pellet beads by centrifugation for 1 min at 2000 g and
discard the supernatant.
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3.4 Immuno-
precipitation (IP)

3.5 Washing

3.6 Elution

6.

>

Incubate the chromatin solution from step 4 (from section
3.3 Sonication) together with the washed protein A agarose
beads from step 5 (from section 3.3 Sonication) for 2 h at
4 °C.

Centrifuge for 1 min at 2000 g and transfer the supernatant
into a clean 15 mL tube.

Dilute the supernatant 10x with ChIP Dilution Buffer.

In several low protein binding tubes divide the diluted chro-
matin solution. Use 300-500 pL per immunoprecipitation
(IP) reaction.

Add desired antibodies to each tube, with the exception of the
mock control (no antibody). Leave the tubes rotating over-
night at 4 °C (see Note 12).

. In a low protein binding tube wash 40 pL protein A agarose

beads three times with ChIP Dilution Buffer; pellet beads by
centrifuging for 1 min at 2000 g at 4 °C. Prepare a tube for
each antibody used and the mock control.

Add overnight-incubated chromatin solution containing anti-
bodies to the pelleted beads at 4 °C for 3 h with gentle
rotation.

Centrifuge for 1 min at 2000 g at 4 °C.

. Collect 500 pL of the supernatant each of the mock control

samples as input DNA.

Careftully discard remaining supernatants.

6. Wash pellet beads with 500 pL of Low Salt Buffer for 10 min

10.

11.
12.

13.

at 4 °C with gentle rotation.
Centrifuge for 1 min at 2000 g at 4 °C.

. Wash pellet beads with 500 pL of High Salt Buffer for 10 min

at 4 °C with gentle rotation.
Centrifuge for 1 min at 2000 g at 4 °C.

Wash pellet beads with 500 pL of LiCl buffer for 10 min at
4 °C with gentle rotation.

Centrifuge for 1 min at 2000 g at 4 °C.

Wash pellet beads twice with 500 pL of TE buffer for 10 min
at room temperature with gentle rotation.

Centrifuge for 1 min at 2000 g at 4 °C.

. Remove TE butfer and elute immune complexes by adding

250 pL of freshly made Elution Bufter to beads.

Vortex briefly and incubate for 15 min at 65 °C with gentle
rotation.



3.7 DNA Extraction
and Signal
Quantification

3.8 Signal
Quantification

3.8.1 ChlP
Semiquantitative PCR
(ChIP-PCR)
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Pellet beads by centrifugation for 1 min at 2000 g at 4 °C.

. Carefully transfer the supernatant to another tube. Repeat elu-

tion step (steps 1, 2 and 3 from section 3.6 Elution) and com-
bine tubes (500 pL total).

. Reverse crosslinking of all the samples (see Note 13). Add

20 pL of 5 M NaCl to the eluate and incubate overnight at
65 °C.

. Add 31 pL of freshly prepared Protein Degradation Buffer to

the eluate. Incubate for 3 h at 45 °C with agitation in a hybrid-
ization oven.

Recover DNA using phase lock gel tubes. Spin down phase
lock gel tubes for 30 s at 16,000 4.

. Add 500 pL ot 25:24:1 Phenol /Chloroform /Isoamyl alcohol

and shake tubes for 10 s.

4. To separate phases centrifuge for 5 min at 16,000 4.

10.

11.

12.

13.

. Add 500 pL of 1-Brom-3-Chloropropan and centrifuge for

5 min at 16,000 g.

Take the top 400 pL of each tube containing ChIPed DNA
and transfer to a clean tube.

. Add 40 pL of 3 M NaAc pH 5.8 and then 1 mL of 100%

ethanol.
Place samples at —80 °C for 1 h.
Centrifuge at maximum speed for 30 min at 4 °C.

Wash pellet with 1 mL of 70% ethanol. Centrifuge for 5 min.
Discard supernatant and let ethanol dry at room temperature
for 5 min.

Add 40 pL of H,O or TE elution buffer with 10 pg/mL of
RNase to dissolve DNA (see Note 14).

Extracted ChIP samples can be stored at —20 °C until
ChIP semiquantitative PCR (ChIP-PCR), ChIP quantitative
real-time PCR (ChIP-qPCR), or sequencing analysis are
performed.

Prior to any downstream analysis ChIPed DNA should be
diluted. Typically, a 1:10 dilution of the eluate is sufficient,
however a larger dilution might be necessary when higher
concentration of DNA is obtained.

. For ChIP-PCR, specific primers should be designed to encom-

pass the DNA region of interest. Since every gene likely con-
tains variable levels of each epigenetic mark through their
promoter and gene body in every cell, it is necessary to test
different regions in order to ensure proper amplification of
fragmented ChIPed DNA (Fig. 2a).
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Fig. 2 Chromatin immunoprecipitation (ChIP) analysis of a maize silk-specific gene bzip25 (GRMZM2G080731).
(a) Gene model of bzip25; arrows represent primers designed over the gene. Red arrows represent set of prim-
ers used for ChIP-PCR and ChIP-qPCR shown in (b—d). (b) bzip25 gene expression in leaves, silks, and pollen.
(¢) ChIP-PCR analysis of bzip25 in leaves, silks, and pollen. H3 was used as an additional control. (d) ChIP-
qPCR analysis of bzip25 of the active epigenetic chromatin mark H3K36me3 and the repressive chromatin
mark H3K27me3

2. Small amount of DNA material is needed for ChIP semiquan-
titative PCR. Dilute ChIP samples by adding 6 pL of ChIP
DNA to 94 pL of H,O or TE elution buffer. Use 5 pL. of

diluted sample per PCR reaction.

3. For each reaction, mix 12.5 pL of PCR GoTaq® green Master
mix with 1 pL of 10 pM specific forward and reverse primers
in a total volume of 25 pL. Alternatively, 1 U Tag DNA
polymerase in combination with commercial reaction buffer
mixed with 0.85 pLL of 10 mM dNTDPs together with primers
can be used.

4. Load your semiquantitative PCR reaction in a PCR tube, and
run a PCR program in a suitable thermocycler as follows: a
first cycle of 10 min at 95 °C, 30 s at 65 °C, and 30 min at
72 °C followed by 30 s at 95 °C, 30 s at 65 °C, and 1 min at
30 °C for 30 cycles (see Note 15).

5. Run all reactions in 1.5% agarose gel (Fig. 2b).



3.8.2 ChIP Quantitative
Real-time PCR (ChIP-qPCR)
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. A more precise alternative is the use of quantitative real-time

PCR (qPCR) (Fig. 2¢). Similarly, as described in step 1 (from
section 3.8.1 ChIP Semiquantitative PCR (ChIP-PCR)), spe-
cific primers need to be designed that include the DNA region
of interest (see Note 16).

Set up RT-qPCR reactions containing: 5 pI. KAPA SYBR® FAST
qPCR Master Mix (2x) Universal Kit, 0.5 pL. of each forward
and reverse primer at a concentration of 10 pM; 1 plL H,O and
3 pL of ChIPed DNA. Load samples in triplicate in a PCR plate
and spin down while avoiding the formation of foam.

. qPCR cycling conditions are as follows: 3 min at 95 °C,

followed by 40 cycles of denaturation at 95 °C for 15 s, anneal-
ing at 60 °C for 20 s, and extension at 72 °C for 20 s. Set a
final melt curve to run at 60 °C and then 10 s each at 0.2 °C
increments between 62 and 95 °C.

. To analyze ChIP-qPCR data, one of the most common meth-

ods used is fold enrichment [23].

. The fold enrichment represents the amount of ChIPed DNA

of each antibody relative to the negative sample (no antibody)
or the signal over background.

After the ChIP-qPCR has been performed, average the tripli-
cate Ct values for each antibody used as well as the no-anti-
body control sample.

Calculate the difference (delta—A) between the Ct average of
the antibody of interest and the no-antibody control (mock),
as described in the formula:

A Ct specific antibody = (CtIP)—(Ctno antibody / mock).

8.

Calculate the log two fold enrichment (274 Ctspecificantibody) fi-om
cach antibody relative to the no-antibody,/mock.

Plot the results of each antibody tested in each tissue used
(Fig. 2d).

4 Notes

. Add always B-mercaptoethanol at the end of the buffer

preparation.

. Some wheat varieties germinate better if placed at 4 °C rather

than room temperature. Germination can be sped up by plac-
ing in a germinator (under constant light).

. Place fresh harvested reproductive plant material into prechilled

Fixation Buffer.

Rinse plant material properly. Gently dry on a tissue paper
until the majority of water is removed. Tissues such as pollen,
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10.

11.

12.

embryo sacs and single cell tissues are difficult to dry out using
tissue paper, discard all liquid present in the falcon /Eppendorf
tubes and let them dry out on air for 3-5 min. Leaves, silks,
seeds and any other plant material suitable for harvesting in
large quantities should be properly dried with tissue paper.

Plant material needs to be homogeneously grounded. An
automated device such as a Tissue Lyser 11 (Qiagen) is recom-
mended ensuring high grinding reproducibility. However,
prechilled pestle and mortar could also be used. It is important
that all plant material is grounded to a fine powder.

This step just filters out any undissolved lumps.

To decrease background signal, it is important to resuspend
and centrifuge the pellet three to four times until the resulting
pellet appears white.

If the protocol is working well, this pellet should have a white
fleck (nuclei). If it is not white, it may be hidden under other
cellular components.

Do not mix the two layers. Add the solution on the top care-
fully. Do not form bubbles in the solution, as this will decrease
sonication efficiency.

Sonication efficiency highly varies depending on the sonicator
device used. Therefore, it is important to determine experi-
mentally sonication conditions ahead. A Bioruptor® Plus soni-
cation device coupled with 1.5 mL tube holder for Bioruptor®
Standard & Plus adaptor allows to sonicate multiple samples
simultaneously. If sonication is performed using a single sam-
ple device, keep samples on ice between sonication to avoid
protein denaturation. It is essential to properly sonicate each
sample; otherwise long chromatin fragments will decrease
ChIP resolution. It is also important to avoid foaming since
this will reduce sonication efficiency.

In order to test sonication efficiency, incubate 50 pL of super-
natant at 65 °C overnight (cross-link reversal) and purify it
using the DNA purification steps from section 3.7 DNA
Extraction and Signal Quantification. Observe purified non-
sonicated and sonicated DNA in a 1.5% agarose gel. Maximum
signal intensity is expected at 400 bp of DNA and an optimal
average DNA fragment size ranging from 200 to 1000 bp.

In order to obtain a high-quality ChIP assay, it is important
to experimentally determine the quantity of antibody
required. This is especially important for self-made antibod-
ies. Too much antibody can lead to high background noise,
while small antibody amounts can cause low or lack of signals.
We used 1 pL of commercially available H3 antibody and
3 pL of H3K36me3 as well as H3K27me3 antibodies.
Another important aspect to pay attention to is the quality of
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the antibodies used. This is a key determinant for a successful
ChIP assay. We recommend purification of own, noncom-
mercially available antibodies.

13. Together with the ChIP samples you need to perform reverse

crosslinking in all input, before and after sonication samples.

14. Alternative DNA extraction methods may also be used.
However, the same method should be used within one

experiment.

15. For semiquantitative PCR (ChIP-PCR), sample dilution and
number of cycles during PCR reactions have to be adjusted. In
an optimal number of cycles, all PCR reactions are still in the
exponential phase of amplification. We recommend to per-

form PCR reactions in a real-time PCR cycler.

16. In order to check the transcriptional expression level of'a gene

of interest, QPCR could be used as a quantification method.
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Cereal Circular RNAs (circRNAs): An Overview
of the Computational Resources for Identification
and Analysis
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Abstract

Circular RNAs (circRNAs) are a widespread class of endogenous noncoding RNAs and they have been
studied in the past few years, implying important biological functions in all kingdoms of life. Recently,
circRNAs have been identified in many plant species, including cereal crops, showing differential expres-
sion during stress response and developmental programs, which suggests their role in these process. In the
following years, it is expected that insights into the functional roles of circRNAs can be used by cereal
scientists and molecular breeders with the aim to develop new strategies for crop improvement. Here,
we briefly outline the current knowledge about circRNAs in plants and we also outline available computa-
tional resources for their validation and analysis in cereal species.

Key words Noncoding RNAs, Plant circRNAs, Cereal circRNAs, Computational resources, Molecular
breeding, Crop improvement

1 Introduction

Noncoding RNAs (ncRNAs) are important components of the
transcriptional regulatory machinery. First identified in human
cells [1, 2], circular RNA (circRNA) molecules represent a wide-
spread class of endogenous ncRNAs, being identified in different
species ranging from humans and animals to plants [3—-6]. They
are closely associated to important regulatory roles in animal
development [4, 7, 8], and to human diseases, such as Alzheimer
and cancer [9, 10]. Although these molecules (circRNAs) have
been reported to be abundantly expressed in distinct plant tissues
and display evolutionary conservation, their roles in regulation of
plant development and stress responses remain largely unknown.
In cereals such as rice (Oryza sativa L.) [11, 12], maize (Zea mays L.)
[13, 14], barley (Hordeum vulgare 1..) [15], and wheat

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
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(Triticum aestivum 1..) [16], circRNAs have been identified and
experimentally verified. Here, we bring together some of the latest
insights into plant circRNAs and outline the available in silico
tools for the identification and functional characterization of
these molecules in cereal plant species.

2 Classification and Biogenesis

Based on their genomic origin, circRNAs are classified into
exonic, intronic, exon-intronic, and intergenic. CircRNAs are
generated by different mechanisms, but the most widely studied
is referred to as “backsplicing,” in which a downstream 5’ splice
site (donor) is covalently joined with an upstream 3’ splice site
(acceptor) forming a closed loop structure, thereby resulting in
a circular RNA molecule (for more detail about the biogenesis
of circRNAs in plants see [5] and [11]). Figure 1 shows how
exonic circRNAs are generated through backsplicing and the
comparison of this mechanism with the canonical mRNA splic-
ing pathway. The circRNAs form closed loops in which lack
5’-3’ ends and poly(A) tails, therefore being resistant to exonu-
cleolytic degradation [17, 18]. In animals, both cis-regulatory
elements and trans-acting factors, capable of regulating cir-
cRNA biogenesis, have been identified [19]; however, compo-
nents known to mediate biogenesis mechanism in plants have
not yet been characterized. It has been shown that circRNAs
from animals may be associated with repeats sequences and
transposons, which is a requirement for circRNA production
[20, 21]; however, in plants it suggests relatively less association
with repetitive sequences when compared to animals [5].
Nevertheless, it has been recently suggested that LINEI1-like
elements and their reverse complementary sequences might
affect the formation of circRNAs in maize [13]. Moreover, the
biogenesis of circRNAs can be different among plant species,
regulated by different factors, and it has been proposed that this
mechanism is more complex in maize than in Arabidopsis [22].

3 Biological Functions of Cereal circRNAs

Recent studies suggest that circRNAs may have difterent roles in
the plant development and stress responses [11, 16]. Table 1
indicates studies in cereals that link the expression of circRNAs
to distinct biological functions. It has been shown that circRINAs
can play important regulatory roles by targeting microRINAs
(miRNAs), to act as “miRNA sponges,” or by acting as compet-
ing endogenous RNAs (ceRNAs) and controlling alternative
splicing. [8, 23-25]. In wheat, six dehydration responsive cir-
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Fig. 1 Exonic circular RNA (circRNA) generated by backsplicing. Exonic circRNAs can be produced by
backsplicing of exons of protein-coding genes. Conversely, in the canonical mRNA splicing pathway, linear
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splice sites. The red diagonal dashed line indicates the splicing event between exons C and D of the multiexon
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Table 1

Biological functions associated with the differential expression of circRNAs in cereals

Species Function References

Oryza sativa Regulation of genes involved in metabolic processes Luetal [11]
Abiotic stress (phosphate imbalance) Ye et al. [5]

Hordenwm vulgare Micronutrients; mitochondrial function Darbani et al. [15]

Triticum aestivum Abiotic stress (dehydration) Wang et al. [16]
Root length Xu et al. [27]

Zen mays Virus infection Ghorbani et al. [14]
Ear height Chen et al. [13]
Abiotic stress (drought, heat, and cold) Tang et al. [26]

cRNAs were reported as miRNA sponges, sequestering the com-
plementary miRNAs, and thus transcriptionally regulating
downstream pathways of miRNA target genes [16]. In rice, cir-
cRNAs that act as negative regulators of their parental genes
have been also identified but little enrichment for miRNA target
sites were identified [5, 11].

There is an increasing body of evidence suggesting that
cereal circRNAs may have important biological functions. In
rice, Ye et al. [5] identified 27 differentially expressed exonic cir-
cRNAs which might be involved in response to phosphate-stress
conditions. In maize, Zhang et al. [22] reported that circRNAs
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were differentially expressed in drought stressed maize plants.
Interestingly, the authors of this work revealed that plant cir-
cRNA host genes may be associated with conserved and/or
species-specific drought response pathways. Also in maize, 155
circRNAs were found to be upregulated under virus infection,
and it has been proposed that these molecules may control the
expression of miRNA and parental protein-coding genes [14].
Another recent report suggests that maize circRNAs may even
modulate the phenotypic variation [13]. Tang et al. [26]
reported 149 maize circRNAs that were differentially expressed
in response to abiotic (i.e., heat, cold, and drought) stress condi-
tions. Moreover, in wheat, Wang et al. [16] showed that 62 cir-
cRNAs were differentially expressed under drought stress, and
Xu et al. [27] identified wheat circRNAs potentially involved in
the regulation of the root length. In barley, circRNAs involved
in response to iron and zinc micronutrient levels have also been

reported [15].

4 In Silico Resources for Identification and Analysis of Plant circRNAs

4.1 Plantcirc-
Base 3.0

In this section, we will explore the computational tools and
algorithms specifically designed for the identification and func-
tional characterization of plant circRNAs. In the last years, dif-
ferent computational resources and methods have been
developed with the aim at identifying and analyzing circRNAs
[28]. In plants, it has been shown that circRNAs may be associ-
ated with important biological functions such as stress responses,
hormonal signaling, photosynthesis, flower development, and
even the regulation of mitochondrial genes [11-16, 26].
Herein, we outline some of the most important in silico
resources designed to predict circRNAs from plants, and to also
further analyze their putative roles in cellular signaling
pathways.

PlantcircBase 3.0 is a publicly available resource that contains
information about plant circRNAs derived from backsplicing and
predicted full-length sequences [29]. This resource can be used
to predict circRNAs from query sequences suspected to act as
miRNA sponges and to regulate the activity of miRNA-mRNA
interaction networks. PlantcircBase 3.0 is a user-friendly database
that provides useful data on circRNAs identified in different plant
species including rice, maize and wheat, being also a multipur-
pose platform with information of both circRNAs and host genes,
additionally including computational tools for the visualization
of circRNA structures.
URL: http://ibi.zju.edu.cn/plantcircbase /


http://ibi.zju.edu.cn/plantcircbase/

4.2 AtCircDB

4.3 PcircRNA_finder

4.4 PlantCircNet

4.5 CGCropGircDB
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AtCircDB is a database that contains sequence data of cir-
cRNAs obtained by analyzing backsplicing junction sites from
Avrabidopsis thaliana, thereby providing valuable insights for
the analysis of circRNAs in other plant species [30]. By using
RNA-seq data from different tissues, such as seeds, leaves, and
roots, Ye et al. [30] characterized and stored 30648 tissue-spe-
cific A. thaliana circRNAs and 3486 potential circRNA-
microRNA interaction networks—the authors used detection
score thresholds in order to categorize the retrieved circRNA

sequences.
URL: http://genome.sdau.edu.cn/circRNA

The PcircRNA_finder resource was developed with the aim of
detecting plant circRNAs through the analysis of RNA-sequencing
(RNA-seq) data [31]. It is a platform that optimizes the identifi-
cation of circRNAs in different plant species [29, 31]. In A. thali-
ana and rice, this tool showed higher sensitivity and precision than
find_circ [4] and CIRCexplorer [32], which are two of the most
widely used circRNA prediction tools for any organism. PcircRNA_
finder is a software especially developed with the aim of identifying
exonic circRNAs in plants.

URL (software download): http://ibi.zju.edu.cn/bioinplant/
tools/manual.htm

PlantCircNet is a database for the exploration of circRNA-miRNA-
mRNA networks and the evaluation of miRNA target sites in crop
species, including rice, wheat and maize [33]. This database repre-
sents a user-friendly tool to query circRNA-associated regulatory
gene pathways, and it has already been used to study physiological
signaling associated with flowering time, stress responses and pho-
toperiod. PlantCircNet provides, both predicted and experimen-
tally, verified annotations linked to circRNA-miRNA and
miRNA-mRNA networks.
URL: http://bis.zju.edu.cn/plantcircnet/index.php

CropCircDB is a useful resource that contains information about
circRNAs associated with abiotic stresses, in rice and maize. This
database exhibits similar features with available circRNA analysis
tools [30, 34]. CropCircDB stores experimentally validated cir-
cRNA data, identified from large-scale sequencing projects,
especially by including information derived from stress-related
RNA-seq datasets. It is expected that CropCircDB may be
expanded in the near future to include other crops besides maize
and rice.
URL: http://deepbiology.cn/crop/
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5 Concluding Remarks

NcRNAs are important transcriptional regulators capable of
modulating gene expression at both transcriptional and posttran-
scriptional levels [35-38]. In particular, circRNAs have recently
emerged as a novel class of regulatory ncRNAs which plays impor-
tant roles in a wide range of biological functions [39]; however,
there is still much to learn about their functional nature, especially
in plants, where these molecules have been experimentally identi-
fied to show differential expression profiles under distinct develop-
mental and stress signaling conditions [16,40]. The computational
tools outlined here have proved to be very useful not only in
identitying but also in analyzing the biological functions of plant
circRNAs. Further research is necessary and will enable us to better
understand the biological relevance of circRNAs, by controlling
gene expression, and subsequently apply this knowledge in crop

improvement programs.
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Emerging Genome Engineering Tools in Crop Research
and Breeding
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Abstract

Recent advances in genome engineering are revolutionizing crop research and plant breeding. The ability
to make specific modifications to a plant’s genetic material creates opportunities for rapid development of
elite cultivars with desired traits. The plant genome can be altered in several ways, including targeted intro-
duction of nucleotide changes, deleting DNA segments, introducing exogenous DNA fragments and
epigenetic modifications. Targeted changes are mediated by sequence specific nucleases (SSNs), such as
zinc-finger nucleases (ZENs), transcription activator-like effector nucleases (TALENS), and CRISPR (clus-
tered regularly interspersed short palindromic repeats)-Cas (CRISPR associated protein) systems. Recent
advances in engineering chimeric Cas nucleases fused to base editing enzymes permit for even greater
precision in base editing and control over gene expression. In addition to gene editing technologies,
improvement in delivery systems of exogenous DNA into plant cells have increased the rate of successful
gene editing events. Regeneration of fertile plants containing the desired edits remains challenging; how-
ever, manipulation of embryogenesis-related genes such as BABY BOOM (BBM) has been shown to facili-
tate regeneration through tissue culture, often a major hurdle in recalcitrant cultivars. Epigenome
reprogramming for improved crop performance is another possibility for future breeders, with recent
studies on MutS HOMOLOG 1 (MSHI) demonstrating epigenetic-dependent hybrid vigor in several
crops. While these technologies offer plant breeders new tools in creating high yielding, better adapted
crop varieties, constantly evolving government policy regarding the cultivation of plants containing trans-
genes may impede the widespread adoption of some of these techniques. This chapter summarizes advances
in genome editing tools and discusses the future of these techniques for crop improvement.

Key words Genome editing, Sequence specific nucleases, CRISPR /Cas9, BABY BOOM, Epigenome
editing

1 Introduction

Since domestication, conventional breeding has significantly
improved crop yields, tolerance to both biotic and abiotic stresses
and overall hardiness. This method relies on available genetic and
phenotypic diversity from within breeding populations and wild
relatives where agronomically important traits are incorporated
into elite cultivars. Major drawbacks of the method are the limited
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number of valuable alleles in breeding populations, difficulty in
introducing traits selectively from landraces into elite cultivars and
the lengthy process of generating homozygous lines ready for
commercialization.

Genetic engineering is an umbrella term that covers precise
modifications to genomes by means of targeted DNA insertion,
DNA replacement and DNA editing at select loci. One of the
approaches to achieve targeted integration or replacement of an
endogenous DNA site is through the homologous recombination
(HR) DNA repair pathway. Although achievable in model systems
(yeast, chicken DT40 cells, mouse embryonic stem (ES) cells and
moss Physcomitrelln patens), gene replacement through HR has
only been done at a very low frequency in vascular plants (10~* to
107°) [1-4]. A rigorous screening process, like positive /negative
selection, must be in place to identify rare gene targeting (GT)
events in plant population [5-7]. One of the approaches to increase
the level of GT events is through artificial introduction of'a double
strand break (DSB) at the target site. For instance, overexpression
of the yeast rare-cutting endonuclease I-Sce-1 in plant and animal
cells increases the rate of GT events through HR by 1000-folds at
the cut locus compared to control [8-11]. If gene knockout or
mutation is the desired outcome, simple DNA change at a locus
can lead to disruption of the sequence following repair with the
error-prone nonhomologous end joining (NHE]) pathway [12].
To expand on the number of sequences that can be targeted in the
genome, sequence specific nucleases (SSNs) have been designed
that consist of programmable DNA-binding motifs fused to a non-
specific endonuclease domain [13]. The first engineered endonu-
cleases appeared in the late 1990s, and currently there are four
types of such nucleases that can be used for genome editing (GE):
engineered homing endonucleases/meganucleases (EMNs), Zinc
Finger Nucleases (ZFNs), Transcription Activator-Like Effector
Nucleases (TALENSs) and Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/CRISPR-associated 9 (Cas9). All
of these have been successfully used in plants to introduce modifi-
cations at predefined positions in the genome. Nevertheless, chal-
lenges with the design, verification and prohibitive licensing fees
associated with some of the engineered endonucleases make their
utilization less frequent as compared to other SSNs. In particular,
at the present time, TALEN and CRISPR/Cas9 are the most
widely used technologies in plants [14]. Successful use of genome
editing reagents in plant systems also requires efficient delivery of
nucleases into plant cells and eventual regeneration of plants from
transformed explants. There is striking variation among different
plant species and cultivars in transformation efficiency and their
amenability to tissue culture. Recent breakthroughs in the applica-
tion of early embryogenesis-related genes for improvement of
transgenesis and breaking recalcitrance to tissue culture has allowed
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for utilization of the genes to, potentially, improve efficiency of
genome editing in crops [ 15, 16]. Application of engineered nucle-
ases goes beyond genome editing and can be used for manipula-
tion of gene expression through epigenome editing. Additionally,
alteration in the global epigenome profile by using mshI mutants
has emerged as another promising avenue for crops improvement.

2 Genome Editing Using Sequence-Specific Nucleases

2.1 ZFNs for Trait
Improvement in Crops

Zinc finger (ZF) motifs are the most abundant DNA-binding
domains present in eukaryotes and therefore were the first chime-
ric nucleases to be designed [17-19]. Development of SSNs was a
gradual process that included decoding interaction patterns of ZF
motifs with DNA and developing the most efficient strategy of
linking them to nonspecific endonuclease Fokl from Flavobacterinm
okeanokoites. The ZF unit consists of either three or four binding
modules that can recognize a nucleotide triplet. In turn, two ZF
monomers can bind specific 18-24 bp-long sequences which need
to be spaced by a 5-6 bp gap for Fokl dimerization. ZF nuclease
(ZFN) monomers upon landing at the target site create DSB with
4-5 bp 5’-overhangs increasing the chance of introducing muta-
tions when repaired through the NHE] pathway, as compared to
the repair of blunt DNA ends [20].

The first study describing editing of the corn genome using
ZFNs was published in 2009 [21]. ZEN-mediated disruption of
the IPK1 gene resulted in the generation of plants producing sig-
nificant number of seeds with reduced phytate levels, an antinutri-
tional component of feed grain. The frequencies of successful GT
events ranged from 3.4 to 100%, depending on the ZFN pair used
and the donor template. No oft-target mutations were observed at
the noncognate homologous sites in TO plants carrying GT events
at the IPK1 gene. Additionally, successful editing of epigenetic-
related genes was described in soybean (Glycine max) [22]. The
whole-plant transformation of soybean using a cassette under the
control of an estrogen-inducible promoter and encoding ZFNs
targeting two paralogous genes, DCL4a and DCL4b, resulted in
the recovery of three TO plants with desired editing events.

Commonly grown elite cultivars usually possess a combination of
traits that confer either resistance to pathogens, tolerance to abiotic
stressors or high yield. Adding these traits one at a time from either
landrace varieties or other cultivars is laborious and time consuming
since it requires the involvement of introgression via conventional
breeding. To streamline the process of adding new traits/genes to
the crop genome, the molecular trait stacking method was estab-
lished [23]. This can be done by using a transformation vector carry-
ing the trait genes with flanking homology sequences to the target
region and a ZFN expression cassette designed to target the desired



168 Andriy Bilichak et al.

2.2 TALENs for Trait
Improvement in Crops

integration locus. In addition to the transgene and homology arms,
the DNA sequence carries modular ‘trait landing pads’ (TLPs) with
ZFEN target sites homologous to an incoming DNA. Another co-
transformation of transgenic plants with a donor DNA containing
the second gene of interest flanked by sequences homologous to the
integrated TLP along with the corresponding ZFEN expression con-
struct allows for this gene to be precisely integrated at TLP, directly
adjacent to the first transgene. This approach allows for precise inte-
gration of the transgenes at the chosen location in the genome, where
desirable expression of the transgenes is expected without collateral
disruption of gene coding elements. More importantly, the trans-
genes segregate together as a single locus following meiosis, there-
fore obtaining progeny with the combination of all added traits [23].

Following pioneering studies on ZFNs, genome engineering in
plants using TALENs has progressed rapidly [24, 25]. A new class
of SSNs was produced by using the TALE DNA-binding motifs
from Xanthomonas plant pathogens and Fokl domain [26-28].
The TALE proteins bind to DNA sequence using a middle region
that contains 30 tandem repeats composed of 33—-35 amino acids.
Each repeat contains mostly consistent amino acid sequence except
for two adjacent amino acids (the repeat variable di-residue or
RVD) at positions 12 and 13. Distinct RVDs within repeats dictate
specificity when binding to the target sequence [26, 29, 30]. The
oft-target etfects of TALENs seem to be fewer than those of ZFNs
due to the longer target recognition site [4].

The applicability of TALENs for crop improvement has been
clearly shown in several species including soybean, wheat, barley
and tomato [31-34]. Soybean double mutants of fad2-1a and
fad2-1b genes were generated that contain low level of polyunsatu-
rated fats, improving economic value with longer oil shelf life and
improved oxidative stability. It was also possible to segregate out
the TALEN construct during reproduction, thereby allowing for
recovery of mutant lines without the introduced transgene.

Genome editing also allows for generation of new traits, not
found in nature. A wheat mutant line with heritable broad-spectrum
resistance to powdery mildew was developed by simultaneously tar-
geting three T MLO homologous alleles in wheat [32]. In another
study, disruption of a VACUOLAR INVERTASE gene (VInv) that
encodes an enzyme involved in hydrolysis of sucrose to glucose and
fructose led to increase in the cold storage and processing of potato
tubers [35]. Homozygous mutant plants had undetectable levels of
reducing sugars that can form a potential carcinogen when reacted
with free amino acids upon high-temperature processing. Similar to
the soybean study, the authors selected vinv mutants without
TALEN transgenes. The edited potato is void of the vequlation cover-
ing GMO crops in the USA and may soon enter o market as the first
crop edited with designed endonucleases.
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The bacterial RNA-guided immune system CRISPR/Cas has
been used for genome editing on several crop species [36].
Originally discovered in E. coli in 1987, it was not until 2012
when the CRISPR/Cas system was redesigned for genome
editing applications [37]. Currently, the most frequently used
CRISPR/Cas genome editing tool originates from Streptococcus
pyogenes, although several alternative Cas enzymes have been
described and tested in planta from other bacteria [38]. For
Cas9 binding, specificity is provided by the so-called “seed
sequence” of approximately 12 bases and a short DNA sequence
termed a protospacer adjacent motif (PAM). The PAM motif
usually contains a sequence of 5-NGG-3’ (less frequently
5'-NAG-3’ [39]) and is situated downstream of the target
DNA [40]. In comparison to ZFN and TALEN technology,
CRISPR/Cas relies on simple Watson—Crick base pairing
between single guide RNA (sgRNA) and the target DNA
sequence, and does not require sophisticated protein engineer-
ing steps [41]. The digestion of the target DNA sequence is
performed by two cleavage domains (RuvC and HNH) of
Cas9. The DSB is produced at a position that is three nucleo-
tides upstream of PAM leaving blunt ends in most of cases
[37]. Computational mining of bacterial genomes has uncov-
ered several new programmable class II CRISPR/Cas nucle-
ases, which has recently been classified into subtypes V and VI
based on both sequence divergence and function [42]. Whereas
DNA targeting nucleases belong to subtype V (Casl2a—e¢), two
RNA targeting nucleases (Casl3a-b) belong to subtype
IV. One of the most promising alternatives to Cas9 is Casl2a
(formerly Cpfl, CRISPR Prevotella and Francisella 1) that
requires T-rich (-TTTN-) PAM sequences instead of Cas9’s
G-rich PAM. Unlike Cas9 that generates blunt ends, Casl2a
produces DSBs with 4- or 5-nt overhangs, leading to sticky
ends [43]. This ability of Casl2a is, apparently, responsible for
higher frequencies of targeted insertions and replacements
through HR observed in plants [44]. In addition to DNA
nuclease activity, Cas12a possesses RNase I11 activity for unpro-
cessed CRISPR RNA (¢rRNA) that can be used for multiplex
targeting of a number of endogenous sequences using tan-
demly arrayed pre-crRNA expressing constructs [45]. An abil-
ity to simultaneously target multiple loci is especially important
for engineering of crops with polyploid genomes [25].

Recent analysis of reports published from 2014 to 2017 related
to CRISPR-mediated genome editing of crops revealed that rice
(Oryza sativa) was the most studied plant followed by tobacco
(Nicotiana sp.), tomato (Solanum lycopersicum), or corn (Zea
mays) [36,46]. Out of 52 studies examined, 20 described improve-
ment of yield through GE application. Most of the studies were
focused on permanent disruption of endogenous sequences
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through the NHE] repair pathway. The CRISPR system has been
used for mutation of protein coding sequences [47, 48], promoter
regions [49], complete deletion of genes or chromosomal frag-
ments [50], gene insertions or allele replacements [50-52] and
in-frame fusion of proteins [52]. Interesting applications include
disruption or removal of susceptibility genes (S genes) in crop
genomes that reduce host-pathogen interactions causing discase.
Examples include mutation of mildew resistance locus O (MLO) in
several plant species that confers partial or complete resistance to
powdery mildew [32, 53], disruption of OsERF922 in rice result-
ing in X. oryzae resistance [48] and mutation of downy mildew
resistance 6 (DMRO) and eukaryotic initiation factor 4E (¢1F4E) in
tomato and cucumber to increase resistance against bacterial and
viral pathogens, respectively [54, 55]. For the most up-to-date
review on using CRISPR technology for disease resistance, please
refer to [38]. Further application of CRISPR technology has been
to mimic domestication in wild relatives. Recently, several groups
have reported CRISPR editing in tomato relatives, demonstrating
the power of CRISPR to generate important agronomic traits
[56-58].

Precise integration of a transgene at a defined location remains
challenging. Sophisticated delivery and screening methods must be
in place to achieve successful integration of the construct through
HR repair mechanisms [59-62]. An alternative method, which
benefits from the use of NHE] repair mechanism, has been pro-
posed that involves targeting of introns adjacent to an exon of
interest [51]. Although NHE] is an error-prone repair mechanism,
short modifications in the intron sequence do not affect mRNA
processing if the splicing sites remain intact. By supplementing
donor DNA it was possible to achieve around 2% of gene replace-
ment and targeting efficiency in rice [51].

One of the biggest concerns regarding the CRISPR /Cas sys-
tem during its initial development were the relatively high oft-
target effects reported in animals and more recently in plants [ 39,
63, 64]. Optimization of the transformation efficiency, expression
level and codon usage were proposed as possible solutions to miti-
gate this problem. High concentrations of Cas9 and sgRNA can
cause off-target mutagenesis [ 39, 65, 66]. Careful selection of the
target sites in the genome coupled with highly specific SpCas9 vari-
ants with tRNA-sgRNA fusions were proposed as possible solu-
tions against off-target effects [64, 67 ]. However, this requires the
availability of a PAM site at a given sequence, with alternative PAM
sites reducing but not fully eliminating the activity of CRISPR/
Cas in plants [68]. Overall, in silico examination of nuclear genome
sequences from eight representative plant species (A. thaliana, M.
truncatuln, G. max, S. lycopersicum, B. distachyon, O. sativa, S.
bicolor, and Z. mays) demonstrated an occurrence of the PAM

(NGG/NAG) site at a frequency of 5-12 PAMs/100 bp [69]. At
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such frequencies it is possible to target 85.4-98.9% of the anno-
tated transcriptome with specific sgRNAs. Maize, having the larg-
est genome examined with a high number of homologous genes,
had the lowest number of specific sgRNA predicted to target tran-
scription units (only 30%). Therefore similar challenges are
expected in wheat and barley sgRNA target prediction given their
even larger genomes size [69].

3 Chimeric Cas9-Based Fusion Enzymes for Precise Base Editing
and Modulation of Gene Expression

An additional level of precision in altering genomic sequence can
be achieved by using base editing enzymes fused to either partial
(nickase, nCas9) or fully inactivated (dead, dCas9) Cas9. Recently,
two base editors, cytidine and adenine deaminase fusions to Cas9,
were developed that proved to be functional in cereals such as rice,
wheat and corn [70-72]. Two different variants of cytidine deami-
nase were tested in plants—one derived from rat cytidine deami-
nase, APOBECI and another from Petromyzon marinus [72, 73].
Both studies have clearly demonstrated that a nickase fusion carry-
ing D10A mutation was more efficient in triggering C to T substi-
tutions as compared to dCas9, which has both cleavage domains
inactivated. The substitutions were recorded between 3 and 9
nucleotides in the protospacer motif counting from the 5’ region
and homozygous rice mutants were obtained in the first genera-
tion from Agrobacterinm-transformed calli [72].

Adenine base editor (ABE) was developed by fusing nCas9 and
engineered transfer RNA adenosine deaminase derived from
Escherichia coli. The resulting chimeric enzyme has an ability to
induce A/T to G/C conversion [70, 71]. Several combinations of
an adenosine deaminase (ecTadA-ecTadAx) with nCas9 (D10A)
fusion were tested and the highest efficiency of base editing in rice
protoplasts was achieved with adenosine deaminase domain at the
N-terminus of nCas9 followed by three nuclear localization signals
(NLSs) at the C-terminus [71]. Comparison of three different
sgRNA variant—native, enhanced sgRNA (esgRNA) and tRNA-
sgRNA expression system indicated that using esgRNA results in
the highest rates of base editing in both rice and wheat protoplasts
at the endogenous loci. Furthermore, 20-nucleotide spacer of
esgRNA was the most efficient for induction of substitutions at the
target site as compared to the shorter versions. It was also possible
to obtain homozygous rice mutants for several endogenous loci in
the first generation using Agrobacterinm-mediated calli transfor-
mation. In comparison to the cytidine deaminase base editor, the
effective deamination window was shorter—from 4 to 8 nucleotides
in the protospacer motif. None of the obtained transgenic rice
plants contained any indels or undesired edits at the target site.
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Modulation of gene expression by using dCas9 chimeric pro-
teins adds another degree of flexibility in applied and functional
genomics studies in plants. For instance, activation or downregula-
tion of gene expression can be achieved by bringing either VP64 or
SRDX domains at the promoter region of the target gene, respec-
tively [74, 75]. The most recent study on development of tran-
scriptional  activators in  plants, called CRISPR-Act 2.0,
demonstrated that recruiting extra VP64 activator domains to the
promoter region resulted in up to 1500-fold activation in tran-
scription of Fertilization-Independent Seed2 (FIS2) gene in
Arabidopsis as compared to control [76]. The system relies on
using bacteriophage coat protein MS2 together with specific RNA-
stem loop aptamer scaffold. MS2 has high affinity to the RNA
aptamers that are inserted into sgRNA tetraloop and stem-loop 2
positions to make gRNA 2.0. Modified sgRNA was able to effi-
ciently recruit additional VP64 activator domains that were fused
to MS2 protein. CRISPR-Act 2.0 system also proved to be effi-
cient in activation of transcription from endogenous promoters in
rice protoplasts, demonstrating its applicability in crops [76].

4 Methods for Delivery of Designed Endonucleases into Plant Cells

Despite success in the application of GE technology for traits
improvement in crops, successful delivery of the reagents inside
plant cells and efficient regeneration of fertile plants following
transformation remains challenging. The SSN can be delivered in
the form of DNA, RNA or purified protein [77-79]. The most
common methods used for delivery of a transgene encoding for
the GE reagents are biolistic transtormation, Agrobacterium-
mediated transformation and polyethylene glycol (PEG) mediated
transformation of protoplasts. Although DNA-mediated GE is the
preferred method of choice to test the efficiency of SSN iz planta,
such an approach can trigger regulations covering genetically mod-
ified (GM) crops in some jurisdictions (e.g., EU), even if the trans-
gene is segregated away through the backcross. Therefore, several
reports have addressed this issue by transfection of either mRNA
or protein complexes that undergo rapid intercellular degradation
following cleavage activity [79-82]. Typically, SSNs are overex-
pressed and purified from bacterial culture, while sgRNAs are
in vitro transcribed and complexed with Cas9 in transfection buffer
to form ribonucleoprotein (RNP) complexes. Activity and specific-
ity of the RNDPs are first tested in vitro using DNA that carries frag-
ment of endogenous sequence. Eventually, RNP complexes are
either loaded on gold particles and delivered using bombardment
into explants or transfected into protoplast using PEG [77, 79].
Regardless of transfection method, an established regeneration
technique must be in place for obtaining fertile GE plants.
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Recently, we have proposed an alternative method for nucleic-
acid free genome editing in haploid wheat cells by using cell pen-
etrating peptides (CPPs) [83]. Purified ZFN proteins were
complexed with CPPs and delivered into microspores, the prede-
cessors of male gametes that under certain conditions can undergo
embryogenesis in vitro to produce green plants (submitted to Sci.
Rep.). Indels were recovered at the target sites using NGS.
Additionally, we also were able to demonstrate the applicability of
genome editing in haploid embryos regenerated from untreated
microspores. Working with haploid cells/tissues is desirable for
biotechnology applications since it significantly reduces time and
cost associated with generation of complete homozygous lines
with the desired genetic alterations.

5 Elevating Genome Editing Rate in Crops by Manipulating Expression
of Embryogenesis-Related Genes

Successful generation of GE crops remains dependent on efficient
tissue culture protocols. Unfortunately, the direct introduction of
genetic alterations into elite cultivars is often not feasible due to
their recalcitrance to tissue culture. One possible approach to
improve plant regeneration via tissue culture is by manipulation
expression of embryogenesis-related genes. Examples of such
genes include LEAFY COTYLEDONI (LECI), LEAFY
COTYLEDON2 (LEC2) [84, 85], PICKLE (PKL) [86],
SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK)
[87], AGAMOUS-like 15 (AGL15) [88], FUSCA3 (FUS3) [89],
SHOOT MERISTEMLESS (STM) [90], WUSCHEL (WUS) [91]
and BABY BOOM (BBM) [92]. Among the genes only three—
WUS, BBM, and LEC—do not require exogenous application of
plant hormones for somatic embryogenesis when overexpressed in
transgenic plants. For example, in the inbred corn line PHH5G, a
cultivar with poor transformation and regeneration efficiencies,
temporary overexpression of WUS and BBM resulted in the recov-
ery of over 40% of transgenic calli [16]. Eventually, most of the
transgenic calli produced green and fertile plants. Furthermore,
the authors demonstrated increased transformation and regenera-
tion in sorghum (Sorghum bicolor), sugarcane (Saccharum officina-
rum), and rice (Oryza sativa ssp. indica), with WUS and BBM
overexpression, suggesting a universal applicability for monocot
transformation. The BBM gene is a master regulator of several
embryogenesis-related genes and during constitutive overexpres-
sion induces somatic embryo formation on seedlings without
exogenous growth regulators or stress treatments [ 93 |. Additionally,
transgenic plants suffer from pleiotropic effects and seeds from T1
plants have poor germination rate. Therefore, either an elaborate
expression or inducible CRE /lox excision system must be in place
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for tight regulation of WUS and BBM genes expression following
transformation process [16, 94, 95].

A recent study produced haploid and apomictic seeds in rice
following manipulation of BBM gene expression in reproductive
tissues [96]. Generation of both types of seeds is essential for mod-
ern breeding practice. Whereas rapid production of fully homozy-
gous plants can be achieved through induction of doubled haploids,
apomixis offers the promise of fixing hybrid vigor in breeding pro-
grams. The BBMI gene is specifically expressed from the male
genome after fertilization and can be an inducer of embryo forma-
tion in zygote. Indeed, ectopic expression of BBMI gene in the
egg cell triggered production of haploid plants at frequency of up
to 10% in the first generation and reached around 29% in the sec-
ond generation of homozygous lines [96]. Furthermore, similar
overexpression of BBM1 gene from the female genome in MiMe
mutant background, where meiosis is replaced by mitosis (triple
knockout of the meiotic genes RECS, PAIR 1 and OSDI), resulted
in production of haploid plants while haploid-induction frequency
was maintained for the following two generations. Additionally, it
was possible to get diploid plants from doubled haploid parents as
a result of asexual reproduction. It would be interesting if similar
effects can be achieved in other cereals, such as wheat, by using a
BBM homolog that our group recently mapped [97].

6 Global and Targeted Epigenome Editing for Crop Improvement

Regulation of gene expression is a complex process involving inter-
actions of transcription factors, chromatin conformational changes
and epigenetic marks. The epigenetic regulation of gene expres-
sion includes three main components: DNA methylation, histone
modifications, and the expression of small RNAs (smRNAs).
Factors of the epigenetic regulatory landscape are highly flexible,
continuously responding to perturbations in environmental condi-
tions. Practical use of epigenetic reprogramming for improved
crop yield and performance comes from studies on MwutS
HOMOLOG 1 (MSHI) gene, which is unique to plants and
encodes a homolog of a bacterial mismatch repair protein [98].
The protein is encoded in the nucleus but is localized to mitochon-
drial and chloroplast nucleoids and is involved in organelle genome
stability [99]. Disruption of MSHI gene expression by mutation or
RNA interference (RNAI) causes instability in the plastid’s genome
resulting in several morphological changes in both monocots and
dicots [98-100]. Moreover, segregation of the RNAI construct
from the sorghum genome was not enough to bring an mshl-
induced phenotype back to wild type (WT) and the growth habit
persisted for nine consecutive generations [ 101 ]. Reciprocal crosses
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of WT segregants with the dwarf phenotype to WT sorghum
resulted in many F, progeny that were taller and produced more
seeds than WT plants. Surprisingly, the highest yield was obtained
in F; and F, generations distinguishing the phenomenon from het-
erosis, which is observed in F; hybrid plants. No changes in
genomic DNA sequence were observed in similar experiment in
Arabidopsis, therefore suggesting, alteration in epigenetic regula-
tion as a putative cause of MSHI-dependent hybrid vigor effect
[102]. Overall, similar studies conducted on tomatoes and soybean
suggest that global regulators of the epigenetic landscape in plants
have the potential to be used for future breeding purposes [103,
1041].

Although reports on targeted modulation of epigenetic marks
in plants are scarce, a recent study has shown fusion of human
DNA  demethylase TEN-ELEVEN  TRANSLOCATIONI
(TETlcd) to an artificial zinc finger (ZF108) designed to target
FLOWERING WAGENINGEN (FWA) can efficiently promote
demethylation at the promoter region causing measurable late-
flowering phenotype in Arabidopsis [105, 106]. Surprisingly, the
demethylation of the FWA promoter was heritable even in the
absence of the ZF108-TET1cd transgene, with loss of methylation
spanning the entire methylated region of the FWA promoter
including regions distant from the target site. The demethylation
construct was successfully converted into CRISPR/dCas9-based
system by using SunTag-TET1cd module [107]. In this approach,
dCas9 protein is fused through the C-terminus to several tandem
copies of peptide epitopes (GCN4). The epitopes are recognized
by single-chain variable fragment (scFv) antibody that is linked to
a superfolder-GFP (stGFP) followed by TET1cd. sgRNA (FWAg4)
was designed to target the ZF108 binding sequence in the FWA
promoter. Similar to the ZF108-TET1cd experiment, successful
demethylation of the FWWA promoter was achieved resulting in the
late-flowering phenotype in transgenic plants. Heritability of the
DNA methylation patterns in plants makes this approach very
attractive for creation of novel epialleles with agriculturally impor-
tant traits, while targeted reactivation of transposons can bring

additional variation at the genomic level for crop improvement
[108, 109].

7 Future Perspectives

The use of SSNs for targeted disruption, insertion, or replacement
of selected locus/loci has opened the possibility for precise, fast,
and efficient genome editing in crops. These improvements are in
turn accelerating both functional and applied genomic studies
[110]. The polyploid nature of many crop genomes complicates
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use of this technology for fast generation of null mutants, but at
the same time provides ample raw material for gene expression
modulation. Therefore, efforts need to be directed at increasing
the efficiency of the SSNs either by improving transformation pro-
cesses or by better designed GE constructs with improved cloning
efficiency that do not compromise target specificity. While the end
goal of applying GE technology to crops is improved yield in
changing environmental conditions, the widespread cultivation of
GE plants can be hampered by regulatory restrictions. Currently,
GE plants fall under the Plant Protection Act enforced by USDA
[111]. GE cultivars can freely enter into the commercial market if
they do not possess any ecological or food safety risks when com-
pared to the same crop developed through conventional breeding
techniques. In Canada, both the Canadian Food Inspection Agency
(CFIA) and Health Canada regulate only the end product, regard-
less of the methods used to generate the germplasm [112].
Regulations covering plants with novel trait (PNT) are triggered
only when a crop expresses a specific trait with a difference of
20-30% as compared to conventional varieties. In both the USA
and Canada, science-based approaches to safely and efficiently reg-
ulate novel agricultural products has allowed for continuous intro-
duction of innovative techniques into crops development.
However, Europe’s highest court ruled on July 25, 2018 that GE
crops fall under stringent GM regulations within the European
Union (https://www.nature.com/articles/d41586-018-05814-
6). Although random mutagenesis techniques developed before
2001 are exempt from this regulation, new varieties created using
modern mutagenesis techniques developed after this year, includ-
ing GE fall under the GM directive.

CRISPR/Cas technology is currently expected to advance
more rapidly than ZFNs and TALENs [113]. Simplicity in sgRNA
design, relatively easy multiplex targeting, tolerance to DNA meth-
ylation and an open access policy within the CRISPR research
community are some of the benefits of the CRISPR /Cas technol-
ogy over the first generation of SSNs. CRISPR plasmids are freely
available from the nonprofit repository (e.g., Addgene), and a
range of web tools have been developed for selecting gRNA
sequences and predicting their specificity (CRISPR-P, CRISPR-
PLANT, Cas-OFFinder, etc.) [41]. While the use of this tool in
plants opens immense possibilities for plant breeders, the applica-
tion of CRISPR/Cas9 technology for GE in eukaryotes is now
covered by intellectual property awarded in a recent hearing
(September 10th, 2018) of the US Court of Appeals for the Federal
Circuit to the Broad Institute of MIT and Harvard in Cambridge,
Massachusetts  (https: / /www.nature.com/articles/d41586-018-
06656-y). It is therefore safe to assume that any new variety devel-
oped by CRISPR /Cas9 technology will be subjected to a licencing
fee from the Broad Institute. Alternatives to Cas9 (e.g., Casl2a),
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which are not currently covered by IP protection, are being inves-
tigated for their applicability for GE in plants and may grow in

popularity over time.
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Abstract

CRISPR/Cas9-based genome editing technology has the potential to revolutionize agriculture, but many
plant species and /or genotypes are recalcitrant to conventional transformation methods. Additionally, the
long generation time of crop plants poses a significant obstacle to effective application of gene editing
technology, as it takes a long time to produce modified homozygous genotypes. The haploid single-celled
microspores are an attractive target for gene editing experiments, as they enable generation of homozy-
gous doubled haploid mutants in one generation. Here, we describe optimized methods for genome edit-
ing of haploid wheat microspores and production of doubled haploid plants by microspore culture.

Key words Wheat, Microspores, Genome editing, CRISPR, gRNA, Cas9, In vitro nuclease assay,
Neon transfection system, Doubled haploids, Microspore culture

1 Introduction

Wheat (17iticum aestivum L.) is an important staple food source
globally, providing 20-25% of the daily calorific and protein intake
by world population (www.fao.org/faostat). Wheat has a large
allohexaploid genome of 16 GB with approximately 85% repetitive
DNA elements [1]. Due to its complex genome and difficulties in
genetic transformation, wheat has lagged behind other cereals in
the application of innovative molecular techniques of genetic engi-
neering. The presence of multiple copies of each gene with high
levels of sequence identity in wheat makes its genetic manipulation
very tricky.

CRISPR/Cas9 (Clustered, Regularly Interspersed, Palindromic
Repeats/CRISPR-associated endonuclease 9)-based genome edit-
ing has emerged as a powerful technique that can unlock the
genetic potential of the complex wheat genome. With the avail-
ability of advanced multiplex genome editing tools [2, 3], simulta-
neous modification of multiple copies of a gene or gene family has

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
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become possible. The recent success in application of CRISPR/
Cas9-based genome editing to develop wheat lines with hypoim-
munogenic gluten [4], increased grain size and weight [5, 6] and
disease resistance [7] has demonstrated the utility of CRISPR/
Cas9 for breeding improved wheat. However, most of the current
gene editing approaches in wheat use the conventional immature
embryo-based genetic transformation methods, such as
Agrobacterinm-mediated transformation [6, 8] or biolistic bom-
bardment [9, 10], which are less efficient, labor-intensive, and
time-consuming. Apart from a few genotypes (Fielder and
Bobwhite), most of the wheat cultivars are recalcitrant to conven-
tional transformation procedures [11]. Also, it can take several
generations to obtain homozygous lines of conventionally trans-
formed plants.

Doubled haploidy, a widely used technique in crop breeding
programs [12, 13], can help to accelerate the process of genome
editing in wheat and other crops. Microspore embryogenesis is a
simple and affordable technique for the production of doubled
haploid plants. Microspores are also a desirable explant for genome
editing because of their relative ease and speed of isolation, genetic
and physiological uniformity, reduced complexity of the genome
(the number of alleles to be edited is reduced by halt due to the
haploid genome), the potential for generation of homozygous
doubled haploid plants in one generation, and the absence of chi-
merism. We recently demonstrated the feasibility of combining
microspore-based doubled haploid technology and CRISPR/
Cas9-based gene editing for targeted mutagenesis in wheat [14].
We optimized a number of factors that may affect the delivery of
CRISPR/Cas9 reagents into microspores, including pulsing volt-
age for electroporation, the composition of the electroporation
buftfer, number of microspores and the amount of plasmid DNA. In
this book chapter, we describe in detail a step-by-step protocol for
CRISPR /Cas9-mediated targeted mutagenesis in wheat micro-
spores followed by the production of doubled haploid plants.

The haploid mutagenesis approach described in this chapter
represents an effective and efficient strategy to accelerate the pace
of gene discovery and crop breeding. The novelty of this system
lies in the combination of the CRISPR/Cas9-based gene editing
and the microspore-derived doubled haploid technologies. This
method is applicable to other crops provided reliable protocols for
the production of doubled haploid plants through microspore cul-
ture are established. Future research aimed at optimizing an effi-
cient transfection system for directly delivering ribonucleoprotein
complexes into microspores would establish the desired DNA-free
haploid genome editing system.
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2 Materials

2.1 Equipment

2.2 Supplies
and Reagents

2.3 Buffers

0 NN N Ol W N

\O

B N

10.
11.
12.
13.

14.

15.
16.
17.

. Neon transfection system.

. PCR thermocycler.

. Agilent 2100 Bioanalyzer.

. Growth cabinets.

. Laminar air flow hood.

. Refrigerated centrifuge, benchtop.
. Incubators, tissue culture room.

. Microscope (e.g., PhotoZoom inverted microscope, fluores-

cence microscope).

. General tissue culture equipment.

. 1.5 mL microcentrifuge tubes.
. Glass bottom microwell dishes (Mat Tek Corporation).
. Nuclease-free water.

. Streptococcus pyogenes Cas9 nuclease (Prepared in-house or

New England BioLabs).

. 10x reaction buffer (10x NEBuffer™ 3.1, New England

BioLabs).

. gRNA.
. Proteinase K.
. Neon™ transfection system 100 pL Kit (ThermoFisher

Scientific).

. Microspore  culture  media—NPB-99 medium  with

glutathione.

Taq DNA polymerase (QIAGEN).
QIAquick PCR Purification Kit (QIAGEN).
QIAquick Gel Extraction Kit (QIAGEN).

High Fidelity Sac I restriction enzyme (NEB) supplied with
CutSmart® Bufter.

TOPO™ TA Cloning™ Kit for Sequencing (Thermo Fisher
Scientific).

DNeasy Plant Mini Kit (QIAGEN).
RNaseZap™ (ThermoFisher Scientific).
8” AZ pots using Sunshine Mix #4.

. Cas9 buffer (20 mM HEPES pH 7.5, 200 mM KCl, 10 mM

MgCl,, 0.5 mM TCEP). Mix together 8 mL of 1 M HEPES
pH 7.5,40 mL of 2 M KCI, 4 mL of 1 M MgCl,, 0.4 mL of
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0.5 M TCEDP, adjust final volume to 400 mL with water, steril-
ize by passing through a 0.22 pM filter. Store at 4 °C for up to
a week.

2. Composition of media used in wheat microspore culture and
plantlet regeneration (see Table 1).

3 Methods

3.1 Design
of Effective gRNA

The standardized protocol for targeted mutagenesis in wheat dou-
bled haploids can be divided into five sequential steps: (1) design
of eftective guide RNA (gRNA), (2) validation of gRNA efficacy,
(3) microspore isolation, (4) delivery of CRISPR/Cas9 compo-
nents into microspores using the Neon electroporation system,
and (5) microspore culture and chromosome doubling.

Models for predicting on-target activity and off-target potential of
CRISPR /Cas9 using empirical evidence have been developed [15,
16]. We applied these to wheat and designed a bioinformatics por-
tal (WheatCRISPR; Cram et al., submitted; https: //crispr.bioinfo.
nrc.ca/WheatCrispr/) to design gRNAs for CRISPR editing.
WheatCRISPR allows researchers to browse all possible gRNAs tar-
geting a gene of interest and select effective gRNAs based on the
predicted high on-target and low oft-target activity scores, as well as
other characteristics such as position within the targeted gene.

1. The input for WheatCRISPR is either the target gene identifier
(IWGSC annotation v1.1) or the DNA sequence of the target
gene.

2. WheatCRISPR allows users to design gRNA for the coding or
the promoter (2 kbp immediately upstream of the gene)
regions of the target gene. The user can also choose to target a
specific gene or all homoeologous copies of the gene.

3. The outputs include a gRNA table, gRNA plot, gene plot and
off-targets table for a given gene. The gRNA table and plot
summarize the on-target (rs2, rule-set 2) and the off-target
(CED, cutting frequency determination) activity scores for
cach of the four genomic regions: coding, promoter, other
genic, and intergenic. The gene plot displays the physical loca-
tion of the gRNAs against the gene models. The off-target
table displays all off-target hits for the selected gRNA. The
gRNAs are ranked based on an overall score, which is a
weighted average of the rs2 and maximum CFD scores.

4. Eftfective gRNAs are selected based on high overall score, high
on-target activity (rs2 score) and low predicted off-target
potential (low CFD scores).


https://crispr.bioinfo.nrc.ca/WheatCrispr/
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Table 1

Composition of media used in wheat microspore culture and plantlet regeneration

Components (mg/L) FHG-2 solution NPB-99* medium 0.3 M Mannitol solution B5-5 regeneration

Media

KNO;
(NH4)NO;
(NH,4),SO,
KH,PO,
NaH,PO,-H,O
CaCl,-2H,0
MgSO,-7H,0
FeSO4-7H,O
Na,EDTA
MES-H,0

KI
MnSO,-H,O
H;BO;
ZnS0,-7H,0
CoClL,-6H,0
CuSO,4-5H,0
Na,MoO,-2H,0
Thiamine HCI
Pyridoxine HCI
Nicotinic acid
myo-Inositol
Glutamine
Glutathione
Larcoll
Sucrose
Maltose
Mannitol
2,4-D

Kinetin

PAA

TIAA
Cefotaxime
pH (final)
Difco agar

1900.00
165.00

170.00

440.00

370.00

27.85

37.25
1950.00

72,870.00

6.5

1415.0

232.0
200.0

83.0
93.0
27.8
37.3

0.4
5.0
5.0
5.0
0.0125
0.0125
0.0125
5.0
0.5
0.5
50.0
500.0
0.61
40.0

90,000.0

0.2

0.2

1.0

100.0
6.5

2500.0

134.0

150.0
150.0
250.0
27.85
37.25
500.0 1000.0
0.75
10.0
3.0
2.0
0.025
0.025
0.25
10.0
1.0
1.0
100.0

20,000.0

54,650.0

1.0

1.0

6.5 5.8
7000.0
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3.2 Validation
of gRNA Efficacy

3.2.1 Sample Dilutions

3.2.2 Nuclease Assay
Setup

We use an in vitro nuclease assay (described below) to validate the
efficacy of selected gRNAs (exemplified in ref. 17).

1.

Dilute gRNA and Cas9 protein to 300 nM using nuclease-free
water and Cas9 bulffer, respectively.

. Polymerase chain reaction (PCR)-amplify DNA of the target

gene region encompassing the gRNAs and dilute it to 30 nM
using nuclease-free water.

. The three main components gRNA, Cas9 nuclease and target

DNA must be present at a final molar ratio of 10:10:1 in a total
assay volume of 30 pL.

2. Mix the assay reagents in the following order:

10.

. Mix and incubate at room temperature (21 °C) for 10 min.
Assay Control 1 (no Control 2 (no
Reagent reaction (uL) Cas9) (pL) gRNA) (pL)
Nuclease-free 18 21 21
water
10x reaction 3 3 3
buffer
300 nM gRNA 3 3 0
300 nM Cas9 3 0 3
nuclease
.Add 3 pL of 30 nM target DNA to assay and control
reactions.
. Mix and incubate at 37 °C for 15 min. Longer incubation

times for the reaction at 37 °C can lead to complete digestion
of the target DNA and formation of products.

. Stop reaction by adding 1 pL of Proteinase K to each tube.
. Mix and incubate at room temperature (21 °C) for 10 min.

. Analyze assay reaction products on an agarose gel or using a

BioAnalyzer (Agilent).

. The band sizes of the cleaved product of the target DNA using

different gRNAs and Cas9 endonuclease will reveal the effec-
tiveness of different gRNAs, as exemplified in Figure 3 of
Rajagopalan et al. [17].

Some useful tips for in vitro nuclease assay are provided in
Note 1.



3.3 Microspore
Isolation

3.3.1 Growing Donor
Plants: Spring Wheat

3.3.2 Growing Donor
Plants: Winter Wheat

3.3.3 Collecting Spikes
for Microspore Culture
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. Four seeds are planted into 8” AZ pots using Sunshine Mix #4

with ~4.5 g of slow release fertilizer, 14-13-13. Growing con-
ditions are set at 20/18 °C, 18 h photoperiod, and 350-
420 pE light intensity.

. After germination thin the plants to 3 per pot. Use dilute

0.22 g/1. 20-20-20 fertilizer when watering.

. Four seeds are planted into 8” AZ pots using Sunshine Mix #4

with ~4.5 g of slow release fertilizer, 14-13-13. Growing con-
ditions are initially set at 20/18 °C, 18 h photoperiod, and
350—420 pE light intensity.

. After germination thin the plants to 3 per pot. Alternatively,

seeds can be planted into root trainers containing Sunshine
Mix #4.

. After 2 weeks, transfer the plants in pots or root trainers to

3 °C, 12 h photoperiod, and 300 pE light intensity for a 9-week

vernalization treatment.

. Use dilute 0.22 g/L 20-20-20 fertilizer when watering. At

3 °C the plants require less watering than at 20/18 °C.

. After vernalization, transfer the plants to 15/12 °C, 18 h pho-

toperiod, and 400—420 pE light intensity. If the plants were
started in root trainers transplant them to 8”AZ pots contain-
ing Sunshine Mix #4, 3 plants per pot, and add ~4.5 g of slow
release fertilizer (14-13-13).

. Before spikes can be collected for experiments, one needs to

determine when the majority of the microspores are at the
mid-late uninucleate stage (Fig. 1). This can then be corre-
lated to location of the spike in the boot. The location of the
spike in the boot may vary from growth cabinet to growth
cabinet.

. Collect spikes at the correct microspore developmental stage as

determined previously. Trim oft leaves, keeping 2—3 cm of the
flag leaf.

. Place spikes in a flask containing about 200 mL 4 °C water.

4. Store spikes at 4 °C for 21-24 days for spring wheat or

28-30 days for winter wheat before experimentation. Do not
let the spikes run out of water.

. Use 10-12 spikes per experiment. An experiment can be per-

formed with fewer spikes, the results will be fewer experimen-
tal plates.
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3.3.4  Sterilization
of Spikes for Microspore
Culture

3.3.5 Microspore
Isolation

Fig. 1 Microspores at the mid to late uninucleate stage (acetocarmine stain).
Stars indicate microspores at optimal stage

1.

Trim off the awns. Place the heads in a sterile 500 mL bottle
and sterilize spikes with 500 mL of 10% bleach with Tween 80
(three drops,/500 mL) for 3 min.

. Rinse four times with 500 mL of cold sterile water.

. Keep the bottle of sterile microspore spikes on ice.

. Place medium blender cup on ice and fill approximately %2 full

with sterile cold FHG-2 extraction buffer (Table 1). Working
on a sterile surface, trim oft awns and remove the glumes from
either side of the spikelet.

. Remove each spikelet from the rachis and transfer to the

blender cup. After two or three spikes are complete, use sterile
forceps to submerge the spikelets in the extraction medium.
Repeat until all the spikes are used.

. Blend the spikelets on low speed twice for 10 s each.
. Pour the blended suspension through a 90 pm filter funnel

into a sterile bottle on ice.

. Rinse the blender cup with cold FHG-2 medium and pour

through the filter. Pour cold FHG-2 medium through the fil-
ter to give a final volume of 300 mL in the bottle.



10.

11.
12.

13.
14.

15.

16.
17.

18.

19.
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. Pour the filtrate into 6 x 50 mL centrifuge tubes and centri-

fuge at 200 g 4 °C for 5 min.

. Decant each tube.
. Pour 20 mL cold FHG-2 medium into one tube. Rinse each

tube with the same 20 mL aliquot pooling the microspore
solution in the last tube. Repeat with another 20 mL cold
FHG-2 medium.

Add cold FHG-2 medium to the combined pellets bringing
the volume up to 50 mL.

Centrifuge at 200 g 4 °C for 5 min.

Decant and resuspend pellet in 5 mL of cold NPB-99 medium
with glutathione, Larcoll, and cefotaxime (NPB99 + GLC;
Table 1). Pour microspore suspension into a 15 mL tube.
Rinse the 50 mL tube with an additional 5 mL cold
NPB99 + GLC and pour into the 15 mL tube. Repeat to a final
volume of 15 mL in the 15 mL tube.

Centrifuge at 200 g 4 °C for 5 min. Decant.

Add 10 mL of cold 23% maltose in H,O. Gently resuspend the
microspores. Carefully layer 1 mL of cold NPB99 + GLC over
the maltose solution. Centrifuge at 200 g 4 °C for 13 min. A
distinct band of microspores will form at the interface. Caretully
remove the band of microspores and transfer to a clean sterile
15 mL tube.

Bring microspores to 6 mL volume with cold NPB99 + GLC
and then to 15 mL volume with cold 0.3 M mannitol (Table 1)
using the measurements on the tube. Invert mix.

Centrifuge at 200 g 4 °C for 5 min. Decant.

For ease of counting on the hemocytometer bring microspores
to 3 or 6 mL volume with cold NPB99 + GLC depending on
the pellet size. If the pellet size is ~0.05 mL add 3 mL cold
NPB99 + GLC to the microspores but if the pellet is 0.1 mL
add 6 mL cold NPB99 + GLC. Using a transfer pipette resus-
pend the microspores uniformly throughout.

Upon attaining a uniform microspore suspension apply 12 pL
to one grid of a hemocytometer. Count the microspores in
four 1 mm? sections (4 x 4—16 squares) of the hemocytome-
ter. Repeat. Average all 8 counts obtaining an average micro-
spore count per quadrant.

If the microspores were resuspended in 3 mL NPB99 + GLC
multiply the average number of microspores per quadrant by
0.311 to obtain the number of plates for the experiment. If the
microspores were resuspended in 6 mL NPB99 + GLC multi-
ply the average number of microspores per quadrant by 2 and
then by 0.311 to obtain the number of plates for the experi-
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3.4 Delivery

of CRISPR/Cas9
Gomponents into
Haploid Microspores

3.4.1 Preparation
of Microspores
for Electroporation

3.4.2 Microspore
Transfection Using

the Neon Electroporation
System

20.

ment. Multiply this number by 1.5 mL per plate to obtain the
total volume for the experiment.

Trichostatin A (TSA) is a histone deacetylase inhibitor that has
been shown to be effective in numerous wheat genotypes. The
concentration 0.008 pM TSA is used for cv. AC Nanda [18].
Stock concentrations in DMSO at 50 and 5 pM TSA can be
prepared. Depending on the microspore volume working with,

TSA is added to the culture medium using the formula
ClV1 = C2V2.

The optimized protocol for wheat microspore transfection using
the Neon system involves electroporation of a minimum of 75,000
cells using 10-20 pg of plasmid DNA and a pulsing voltage of
500 V (three pulses of 20 s each) [14].

1.

2.

3

Prepare an aliquot of at least 75,000 microspores in 1.5 mL
micro centrifuge tube.

Remove the NPB99 + GLC media from tube and resuspended
the microspores in Neon electroporation buffer (R buffer).

. Add 20-30 pg of plasmid DNA carrying CRISPR /Cas9 con-

struct to the tube containing microspores and mix by gently
flicking the tube and adjust the volume to 100 pL using the R
bufter. An ideal CRISPR /Cas9 construct for microspore trans-
fection should consist of constitutive expression cassettes for
(1) single guide RNA (sgRNA), (2) Cas9 nuclease (preferably
optimised for heterologous expression in wheat), and (3) a
fluorescent protein reporter gene (see Note 2).

Perform electroporation following the protocol described in the

Neon

transfection manual (https: //www.thermofisher.com/

order/catalog/product/MPK5000).

1.

Set up a Neon® Tube with 3 mL Electrolytic Buffer E2 into the
Neon® Pipette Station. Set pulse conditions at 500 Voltage
with 20 pulse width and the number of pulses as 3.

. Collect the microspore-DNA mixture from the microcentri-

fuge tube using the Neon® Pipette. Avoid air bubbles during
pipetting as they cause arcing during electroporation, leading
to low or failed transfection.

. Press Start on the touchscreen.

. After electroporation slowly remove the Neon® Pipette from

the Neon® Pipette Station. Immediately transfer the micro-
spores from the Neon® Tip into the culture plate containing
3 mL of the NPB99 culture medium.

. Observe transfected microspores under the microscope for

viability.
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Fig. 2 Successful delivery of a plasmid carrying red fluorescent protein reporter gene cassette into wheat
microspores using the Neon electroporation system. The image in the left panel shows cell viability and the
right panel shows cells expressing DsRed

3.5 Microspore
Culture

3.5.1 Ovary Explant
Preparation

3.5.2 Sterilization
of Ovary Spikes
for Microspore Culture

3.5.3 Addition of Ovaries

6. Confirm CRISPR/Cas9 construct delivery by microscopic

imaging of cells for expression of the fluorescent reporter pro-
tein. Figure 2 shows an epifluorescent microscopic image of
microspores transfected with a red fluorescent protein (DsRed)
reporter gene.

7. Verify edits at the expected cut sites through amplicon

sequencing.

. (Optional) Enrich transfected microspores using a fluorescence

assisted cell sorter.

. Dispense 1.5 mL microspore suspension per 35 x 10 mm plate

to produce a density of 60,000 microspores per mL.

The developmental stage of the ovary is determined prior to the
day of experimentation. Ovaries at the elongated /cleft stage are
desired (Fig. 3). The spikes selected for ovaries can be cut fresh the
day of experimentation or cut 1-2 weeks prior to use and stored at
4 °C. If storing ovary spikes trim off the leaves keeping 5-7.5 cm
of the flag leaf. Loosely wrap ovary spikes in aluminum foil.

1.

For sterilization, trim awns and place spikes in a sterile 500 mL
bottle. Sterilize in 500 mL of 20% bleach with Tween 80 (three
drops/500 mL) for 5 min.

2. Rinse four times with 500 mL of cold sterile water.

. Store the sterilized heads in the bottle at 4 °C until needed.

. Aseptically isolate ovaries from the sterile ovary spikes selecting

elongated /cleft ovaries (Fig. 3).

2. Place three ovaries into each plate of microspores.

. Wrap with Parafilm and place plates inside a large petri dish

(150 x 25 mm) with an open 60 x 15 mm petri dish filled with
water in the center.
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3.5.4  Plating Embryoids

elongated style cleft style

Fig. 3 Developmental stage of wheat ovaries desirable for microspore culture
experiments

4. Incubate microspores in the dark at 28 °C for 28-35 days. Do
not disturb.

1. After 28-35 days incubation at 28 °C count the embryoids
using a dissecting microscope.

2. In a laminar flow hood, aseptically remove and discard the ova-
ries. Pour the embryoids onto solid B5-5 medium (Table 1). If
the embryoid count is very high distribute the embryoids over
several plates such that there are approximately 100-200
embryoids per plate (100 x 25 mm plates).

3. Draw off the liquid medium with a sterile transfer pipette.

4. Using the transfer pipette or forceps gently distribute the
embryoids over the surface of the medium.

5. Seal the plate with Parafilm.

6. Place plates at 22 °C, 16 h photoperiod, and 100 pE light
intensity. Shoots should start developing within 1-2 weeks.

7. After 2-3 weeks, developing green shoots can be transferred
from the petri plates to Magenta boxes containing B5-5
medium.

8. Once the shoots have a well-established root system, they can
be checked for ploidy using a flow cytometer. We have used a
Partec Cell Counter Analyzer or the Beckman Coulter
CytoFLEX Model A00-1-1102. In either case, young leaf tis-
sue (0.5 cm?) is chopped and stained in Partec CyStain UV
Precise D, passed through a 30 pum filter, and the filtrates are
analyzed through multiwell plate or single-tube setups.



3.5.5 Chromosome
Doubling

10.
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. If the plantlet has spontaneously doubled, then the plantlet can

be transferred directly to soil, if no spontaneous doubling has
taken place, then a chromosome doubling treatment will be
necessary. The frequency of spontancous doubling varies
depending on genotype.

Some useful tips for microspore culture are provided in Note 3.

. The haploid plantlet is removed from the petri plate and the

agar is gently removed from the roots.

. The roots are then submerged in a 0.3% solution of colchicine

for 4 h.

. After 4 h, the roots are rinsed in water and the plantlet is trans-

terred to a soil-less mix (Sunshine Mix #4) and grown in the
greenhouse or growth cabinet (at 20/18 °C, 18 h photope-
riod). Plantlets are initially covered with plastic cups to main-
tain a high humidity. This covering is slowly removed (over a
period of 7-10 days) as the plants harden.

. Doubled haploid plants can be grown in the growth cabinet or

greenhouse to maturity.

4 Notes

. Useful tips for in vitro nuclease assay

(a) Prepare a clean working environment by spraying and
wiping work surfaces with an RNase decontamination
solution RNaseZap™.

(b) Use certified nuclease-free pipette tips and tubes to set up
the reactions.

(c) Use nuclease-free water for all sample dilutions.

(d) Either a PCR amplified DNA fragment or a DNA frag-
ment cloned into a plasmid vector could be used as the
target DNA for cleavage.

. Envichment of transfected microspores

Microspore transfection efficiency is generally low. The
Neon electroporation method provided highest transfection
efficiency of only 2.2% [14]. Thus, it would be worthwhile to
include an easily detectable fluorescence protein marker on
the gene editing construct. The presence of a fluorescent
reporter protein will allow sorting of transfected microspores
accurately and quantitatively using a fluorescence-activated
cell sorter [19, 20].
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3. Useful tips for microspore culture

(1)

(6)
(7)

(8)

Determining the developmental stage of the microspore is
critical. This needs to be completed prior to selecting the
experimental material. During pretreatment, plant growth
continues and microspore culture induction occurs. For
example, winter wheat variety AC Radiant [21] micro-
spores have more late uninucleate to early binucleate
staged microspores when the spike is 1.5-2.5 cm below
the flag leaf. To allow for growth during pretreatment,
AC Radiant tillers are cut when the spike in the boot is
2.5-3.5 cm below the flag leaf. For all genotypes, each is
initially staged to determine the distance of the head
below the flag leaf to obtain mid to late uninucleate
microspores and then 1 cm is added to that distance.
Therefore: Cutting measurement = staging measurement
+1 cm

During pretreatment, spikes may emerge from or split the
side of the boot. These spikes are still used.

Spikes for microspores or ovaries can be sterilized at the
same time and then stored at 4 °C until needed.

Mix bleach solutions fresh before each experiment.

Items to keep stocked at 4 °C—media (extraction medium,
NBP99 + GLC, maltose, mannitol), sterile blender cups,
sterile 90 pm funnel filters, sterile 500 mL bottles, and
sterile bottles of water (500 mL and/or 1 L).

Work on ice throughout the extraction.

For the microspore (and later ovary) isolation, sterile
100 x 15 mm petri plates or sterile paper towels can be
used for a sterile working surface.

Prior to decanting estimate the size of the pellet using the
markings on the 15 mL tube. An estimate of pellet size
can give you a very rough estimate of the number of plates
to expect. For example, a pellet of 0.1 mL will give you
roughly 20 + 5 plates.

Stock concentrations in DMSO at 50 pM and 5 utM TSA
can be prepared. Depending on the microspore volume
working with, TSA is added to the culture medium using
the formula C1V1 = C2V2.

(10) Example calculation for microspores resuspended in

3 mL NPB99 + GLC

(a) [(41 +28 +30+37)+ (22 +21 +26+26)]+8=
231 + 8 = 28.875 round down. Average microspores
per quadrant is 28

(b) 28 x 0.311 = 8.71 round down therefore 8 plates for
this experiment



(¢)

(d)

(¢)

(f)
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8 plates x 1.5 mL per plate = 12 mL total volume for
this experiment

12 — 3 mL microspore suspension = 9 mL media to

add

Calculate the amount of TSA to add based on the
concentration of your TSA stock and the total vol-
ume for the experiment. C1V1 = C2V2 and add it to
your tube. Mix the TSA and NPB99 + GLC.

Add 3 mL microspore suspension to tube. Mix and
plate 1.5 mL per 35 x 10 mm plate. This produces a
density of 60,000 microspores per mL, 1.5 mL per
plate, and approximately 90,000 microspores per

plate. Label and number the plates.

(11) Example calculation for microspores resuspended in
6 mL NPB99 + GLC

(a) Calculate the average microspores per quadrant the
same as in step (a) above.

(b) Average microspores per quadrant x 2 x 0.311
= number of plates for the experiment.

(c¢) Continue with the calculations as above starting at

(c).

(12) The germinating microspore-derived embryos may
develop green or albino shoots. The albino shoots are

discarded.

1. International Wheat
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Genetic Transformation of Protoplasts Isolated
from Leaves of Lolium temulentum and Lolium perenne

Huw R. Davis, Anne L. Maddison, Dylan W. Phillips, and Huw D. Jones

Abstract

Transient expression of inserted recombinant DNA in plant protoplasts is a widely used tool for functional
genomics research. Recently it has been utilized to screen potential sgRNA guides for CRISPR-mediated
genome editing. However, little research has been conducted into the use of transient expression of pro-
toplasts in Lolium perenne (a globally important pasture, hay, and amenity grass), and no studies have been
conducted into Lolium temulentum (a weed in cereal crops but a potentially useful model species for
Lolium research). In this chapter, we describe a methodology of protoplast extraction and transformation
from 14-day-old leaf mesophyll cells from L. perenne and L. temulentum. We believe this is the first report
of'a procedure for obtaining high density, viable protoplasts from L. temulentum. The method of polyeth-
ylene glycol (PEG)-mediated transformation is also described to achieve genetic transformation of
protoplasts.

Key words Protoplasts, Lolium temulentum, Lolium perenne, Transient expression, PEG-mediated
transformation

1 Introduction

Transient gene expression of inserted recombinant DNA in proto-
plasts is a commonly used reverse genetic approach to study plant
functional genomics [1-3]. In addition, over the last few years, it
has been used to screen the efficiency of potential guide RNAs for
CRISPR-mediated genome editing [4—6]. There are many differ-
ent methods for achieving DNA transfer and transient expression
in protoplasts however one of the most successful is PEG-mediated
transformation which, at an alkaline pH, can be used to promote
the binding and uptake of exogenous DNA to protoplasts.

In this method, it is thought that DNA adheres to the cell’s sur-
face and is absorbed by endocytosis or temporary disruption of the
plasma membrane [1, 7-9]. The direct introduction of naked DNA
into plant protoplasts commonly results in transient gene expression
and can also, more rarely, result in integration of recombinant DNA
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into the host genome to create stably transformed cells. In some spe-
cies these transformed protoplasts can be regenerated via specialized
in vitro culture methods into whole plants.

The first reported experiment of plant protoplast isolation was
recorded more than 50 years ago by Edward C. Cocking, and since
then it has been used to observe cell division, embryogenesis, pho-
tosynthesis, and many more plant processes [8, 10]. There are
many advantages of using PEG-mediated transformation, for
example, it is easy to use, requires no specialist equipment, and is
relatively inexpensive compared to other transformation methods
[11]. PEG-mediated DNA delivery is particularly suitable as a
rapid screen for transient expression but is less successful for rou-
tine, stable plant transformations.

Plant protoplasts are cells that have had their cell walls enzy-
matically removed, while they still retain the features and activities
of other plant cells [12]. This feature has meant that protoplasts
are excellent model systems to investigate cellular events such as
transformation and recombinant DNA expression [12].

A recent scientific study reported the successtul isolation and
transformation of L. perenne protoplasts, which had previously not
been achieved [13]. This study showed that protoplast transient
expression can be used for functional gene analysis [13]. Previous
studies had described the isolation of L. perenne protoplasts but
with a relatively low success rate and with limited rates of transfor-
mation [13, 14].

To date, there are no publications describing the transtorma-
tion of protoplasts isolated from L. temulentum, while studies have
been conducted into developing transformation in L. temulentum
using zygotic embryos [15]. This chapter describes the methods
used to obtain a high yield of viable protoplasts and the methodol-
ogy for high transformation efficiency for L. temulentum. The
method described here is a protocol adapted from previously pub-
lished studies. Broadly, the timings used for specific stages of the
protoplast extraction steps followed Jung et al. [16]. While the
composition of the various enzymes, buffers and methods of PEG-
mediated transformation followed Yu et al. [13]. Here we report a
successful methodology to extract and transtorm protoplasts from
L. peremnne and also apply it to successfully isolate and transform
protoplasts of L. temulentum which has not previously been
described.

The following method is the modified protocol for the prepa-
ration and extraction of protoplasts from 14-day old L. temulen-
tum and L. perenne leaves. The chemical composition of solutions
described in the Yu et al. [13] protocol achieved the greatest yield
and viability, with the precise concentration of mannitol being a
key factor for protoplasts viability. The timing of various mechanical
operations and other methodological steps were adapted and opti-
mized from Jung et al. [16].
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Optimization over several replicate experiments demonstrated
that this newly described protocol was able to achieve a high pro-
toplast density and viability with a high transformation efficiency
from both L. temulentum and L. perenme. An average yield of
4.88 x 107 and 6.18 x 107 per gram of leaf material and average
viability of 74% and 77% were achieved for L. perenne and L. temun-
lentum respectively using this newly described protocol. The fol-
lowing methodology achieved a transtormation efficiency of 37%
and 48% for L. perenne and L. temulentum. The fact that this pro-
tocol gave similarly good results for L. perenne and L. temulentum,
leads us to believe that it would be a suitable starting point for the
optimization of protoplast isolation and transformation in other
Lolium species.

2 Materials

2.1 Plant Growth
Conditions

2.2 Cell Wall
Degrading Enzyme
Solution

2.3 W5 Solution

2.4 MMg Solution

2.5 PEG-Ca**
Solution

Seeds of L. peremme (cv. AberDart) and L. temulentum (line
BA3018) were grown in one part vermiculite, three parts perlite
and nine parts peat moss in a controlled environment chamber, set
at a constant of 23 °C with 20 h light (60-70% relative humidity).
Plants were watered every 2 days and fertilized once a week with a
Y5 strength MS solution (see Note 1) [6].

Leaf strip and protoplast extraction was achieved using the follow-
ing solution: 10 mM MES, 20 mM KCI, 10 mM CaCl,, mannitol
(0.6 M), pH 5.7. Filter-sterilize the solution then store in 10 mL
aliquots and defrost approximately 1 h before use. When ready to
use add 1.5% cellulase, 0.75% macerozyme to the solution.

W5 solution is used to release and wash protoplasts. To make the
W5 solution prepare a solution of the following concentrations
into 1 L of dH,0: 2 mM MES, 154 mM NaCl, 125 mM CaCl,,
5 mM KCL—correct the solution to pH 5.7. Filter-sterilize the
solution and store at 4 °C

MMg solution is used for the protoplast resuspension. 4 mM MES-
KOH (pH 5.7), 0.4 M mannitol, 15 mM MgCl,, pH 5.7. Filter-
sterilize and store at 4 °C.

Used for the transformation of protoplasts. 20% (wt/vol)
PEG4000, 100 mM CaCl,, 300 mM mannitol. This was made
in 50 mL quantities at one time; to 50 mL of dH,O add 0.735 g
CaCl,, 2.732 g of mannitol, and 10 g of PEG400. Filter-sterilize
and do not use for at least 1 h after preparation. Store at room
temperature. It is recommended to make fresh on the day of
use.
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2.6 Fluorescein
Diacetate (FDA) Stain

The FDA stain should be prepared immediately before use for pro-
toplast viability. 20 pL. of FDA stock in 1 mL 0.65 M mannitol.
Then add equal volumes of FDA and isolated protoplast mix to a
new Eppendorf. FDA is taken up by live cells.

3 Methods

3.1 Protoplast
Isolation

10.

. Prepare 6 mL of cell wall degrading enzyme solution by add-

ing 0.75% (wt/vol) macro enzyme and 1.5% (wt/vol) cellulose
to the premade buffer, mix, and set aside.

. Harvest 0.4 g from the second leaf of 14-day-old L. perenne

(see Fig. 1) and /or L. temulentum plants. Using a sterile razor
blade cut the leaves transversely into 0.5 mm sections then
place in a sterilized 220 mL glass beaker containing 6 mL of
filter-sterilized cell wall degrading enzyme solution.

. Gently mix the leaves and enzyme solution by slowly swirling

the mixture. Then vacuum infiltrate for 30 min at —15 mmHg
pressure.

. Incubate the sample at 30 °C in a nonshaking incubator for

60 min and then incubate in the dark, at room temperature for
18-20 h with gentle shaking at 35 rpm.

. Presoak eight layers of autoclaved cheesecloth with chilled W5

solution and place in the top of'a 50 mL tube. Gently pour the
enzyme solution containing the leaves onto the cheesecloth to
remove the larger particles. Wash the cheesecloth with 10 mL
of chilled W5 (see Note 2) (see Fig. 1d).

. Using a pasture pipette add an additional 5 mL of chilled W5

to the top of the enzyme solution, then leave the mixture in
the dark, at room temperature for 1 h. This step allows the
protoplasts to settle at the interface between the W5 and
enzyme solution.

. Collect the protoplasts using a pasture pipette and place into a

new 50 mL tube containing 10 mL of chilled W5 solution.

. Next, pellet the protoplasts by centrifugation for 5 min at

100 x g with slow-slow acceleration and deceleration speeds
and remove the enzyme solution being careful to not disturb
the protoplasts. Gently add 10 mL of chilled W5 to the tube
repeating both the centrifuge and wash process once more.

. After the second centrifuge step resuspend the protoplasts in

10 mL of W5 and leave at 4 °C in the dark overnight for the
protoplasts to resuspend.

After 12 h or overnight remove the W5 solution and resuspend
the protoplasts in 3 mL of chilled MMg solution.
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25um

Fig. 1 Images from stages of the protoplast growth, isolation, and microscopy. (a) 14-day old L. perenne plants
growing in a controlled environment chamber. (b) FDA viability stain of L. temulentum protoplasts. The red
arrow shows a live FDA-stained protoplast; the yellow arrow shows a dead protoplast. (¢) Transformed L.
perenne protoplast, red arrow points to localization of GFP in the nucleus. (d) L. temulentum and L. perenne
protoplast suspension. (e) Transformed L. temulentum protoplasts with GFP, red arrow shows the nuclear
targeted GFP signal in the transformed nucleus

3.2 Protoplast Yield Protoplast yield and viability were calculated by adding equal vol-

and Viability umes of 1% FDA solution (see Subheading 2.6) and protoplast sus-
pension (see Subheading 3.10). Add 20 pl of solution to a
hemocytometer and examine with a fluorescent microscope. The
FDA stain is up taken by live cells only (see Fig. 1b). Count the live
and dead cells to determine the total yield as well as an estimated
viability (see Note 3).
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3.3 PEG-Mediated
Transformation

3.4 Microscopy

1. Use 10 pL of 1 pg/pL plasmid DNA and add to 200 pL of
protoplast stock (5 x 10*) at room temperature and mix by
flicking the tube.

2. Add 200 pL. of PEG-Ca?* (see Subheading 2.5) to protoplast
and plasmid solution then mix by gently flicking the Eppendorf.
Leave the solution in the dark, at room temperature for
10-15 min (see Note 4).

3. Add 3 mL of chilled W5 solution to the protoplast PEG/pro-
toplast solution and centrifuge at 100 x g for 2 min to pellet
the protoplasts.

4. Remove the supernatant and resuspend protoplasts in 0.5 mL
of chilled W5 solution and leave for between 10 and 24 h in
the dark, at room temperature in a 1.5 mL centrifuge tube (see
Note 5).

Transformed protoplasts were viewed using a Leica DM6000B
wide-field fluorescence microscope equipped with a Leica DFC350
FX R2 camera controlled by Leica LAS-AF software. Cellular local-
ization of green florescent protein (GFP) can be observed in the
nucleus of transformed protoplasts (see Fig. lc, e).

4 Notes

1. To make the %5 strength MS solutions, add 2.15 g of Murashige
and Skoog (MS) powder to 1 L of distilled H,O and mix
thoroughly.

2. It was also found that by gently squeezing the cheesecloth
obtained a greater protoplast yield.

3. Useftul online application that can help with counting and cal-
culation yield /viability.

4. Below 10 min was insufficient time for the cells to uptake the
plasmid, however over 15 min the PEG solution can cause cell

death.

5. Studies suggest to precoat the 1.5 mL Eppendorfs with 1%
BSA to avoid protoplast attachment; however, this was not
found to be an issue. If protoplast attachment occurs, consider
coating the tubes in BSA as research suggests.
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e Chapter 17

Agrobacterium Transformation in the Rice Genome

Asuka Nishimura

Abstract

Modification of the rice genome by Agrobacterinm-mediated transformation is a general technique that
can be easily performed today. Successful methods were established by vigorous studies on the culture
system and the elucidation of Agrobacterium transformation mechanisms. This section provides a detailed
description of routine and efficient rice transformation protocols by Agrobacterium. This method uses
mature sceds as a material and can be applied to many japonica and some other varieties of rice. According
to this method, it is even possible for beginners to obtain rice transformants.

Key words Oryza sativa, Japonica rice, Agrobacterinm, Nuclear transformation, Embryogenic callus,
Hygromycin selection

1 Introduction

Transformation methods are indispensable for the elucidation, mod-
ification, and editing of target genes and genomes. In rice, the basis
of currently popular transformation methods mediated by
Agrobacterinm tumefaciens (syn. Rhbizobium radiobacter) was devel-
oped about 25 years ago [1]. The important points for the success
of this method are to use the scutellum-derived callus as the starting
material and add an appropriate amount of acetosyringone at the
time of infection. The transformation of Agrobacterium depends on
the wounding responses of plants; the key processes are the produc-
tion of virulence (v#7) gene-inducing molecules and the rapid repli-
cation of introduced DNA. Monocotyledonous plants were originally
outside the host range of Agrobacterinm, so artificial induction was
made possible by using a phenolic compound (acetosyringone) that
is a trigger molecule for 77 gene expression. As a result of testing the
infection of various tissue pieces, the scutellum-derived embryo-
genic callus, comprising actively dividing cells, was identified as the
optimum material for transformation in rice [1, 2]. However, as the
production of the embryogenic callus is strongly restricted by genetic
background [3-5], in the first test of rice transtormation, it is recom-
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mended to use japonica rice varieties (e.g., Nipponbare, Taichung
65), which has been proven to be able to easily produce high-quality
embryogenic calli derived from the scutella of mature seeds. As long
as stable transformation using these rice varieties is successfully
achieved, the transformation of other varieties will be possible by
changing the start material, culture medium, and infection condi-
tions [6-8]. This chapter describes a stable rice transformation pro-
tocol based on using standard japonica rice (see Note 1). For the
outline of the protocol, it is first essential to grow healthy rice plants
to obtain good seeds, and prepare the culture conditions. Obtaining
excellent-quality embryonic calli is important for success. Then,
infection treatment is carried out using a small amount of
Agrobacterinm in the presence of acetosyringone, using actively cell-
dividing calli derived from seeds as a material. After infection treat-
ment, transformants can be produced by culturing for an appropriate
amount of time using an appropriate medium.

2 Materials

2.1 Plant Material
and Agrobacterium
tumefaciens

2.2 Stock Solutions
for Plant
Culture Media

2.2.1 Vitamins
and Phytohormones

1. Plant Material. Mature dry seeds of japonica rice, Nipponbare
(see Note 1): in warmer seasons suitable for cultivation, grow rice
healthily in the field or a greenhouse, and harvest high-quality
mature seeds without damage. After harvesting, place the seeds
in a paper bag and dry at 20-25 °C for 7-10 days (using a desic-
cator at room temperature for convenience) (see Note 2). Store
dried seeds in a sealed container together with silica gel in a
refrigerator to avoid reabsorption of moisture (se¢ Note 3).

2. Agrobactevium tumefaciens. Prepare competent cells of
Agrobacterium EHAL05 [9] by conventional methods [10]
(see Note 4). Transform the binary vector containing the
hygromycin resistance gene (/pt) driven by the CaMV 35S
promoter for plant selection and the kanamycin resistance gene
(nptIl) for bacterial selection (see Note 5) into the
Agrobacterium using electroporation or the freeze—thaw
method [10].

1. N6-Vitamins: dissolve 100 mg of glycine, 25 mg of nicotinic
acid, 25 mg of pyridoxine hydrochloride, and 50 mg of thia-
mine hydrochloride in ultrapure water, make up to 500 mL
with the water, and store at 4 °C.

2. MS-Vitamins: dissolve 250 mg of nicotinic acid, 500 mg of
pyridoxine hydrochloride, 500 mg of thiamine hydrochloride,
and 100 mg of glycine in ultrapure water, make up to 500 mL
with the water, and store at 4 °C.

3. 2,4-Dichlorophenoxyacetic acid (2, 4-D; 0.2 mg/mL solu-
tion): dissolve 100 mg of 2,4-D in 1 mL of 1 N NaOH, make
up to 500 mL with ultrapure water, and store at 4 °C.



Agrobacterium Transformation in the Rice Genome 209

4. 1-Naphthylacetic acid (NAA; 0.2 mg/mL solution): dissolve
100 mg of NAA in 1 mL of 1 N NaOH, make up to 500 mL
with ultrapure water, and store at 4 °C.

5. Kinetin, 0.2 mg/mL solution: dissolve 100 mg of kinetin in
20 mL of 0.1 N HCI, make up to 500 mL with ultrapure water,
and store at 4 °C.

222 Antibiotics 1. 50 mg/mL meropenem solution: dissolve in 0.1 M Na,COs,
filter-sterilize, and store at —20 °C.

2. 50 mg/mL hygromycin solution: dissolve hygromycin B in
ultrapure water, filter-sterilize, and store at —20 °C.

2.3 Media for Plant All solid media should be prepared before use and stored at room
Culture (Modified temperature (20-25 °C) when not in use immediately (see Note 6).

Based on [11]) 1. Callus induction medium: mix and dissolve 4.1 g of CHU

(NO6) basal salt mixture (FUJIFILM Wako Pure Chemical,
Osaka, Japan [12]), 10 mL of N6-Vitamins, 0.1 g of myo-
inositol, 0.3 g of casamino acids, 2.878 g of proline, 10 mL of
2,4-D, and 30 g of sucrose in 800 mL of ultrapure water.
Adjust the pH to 5.8, add 3 g of gellan gum, make up to 1 L
with ultrapure water, and autoclave. Cool the medium to
about 50 °C and pour into 25 sterile plastic petri plates
(90 x 20 mm) in a laminar flow hood, solidify, and dry (see
Note 7).

2. Selection medium: make the callus induction medium and add
1 mL of meropenem and 1 mL of hygromycin before pouring
(see Note 7).

3. Regeneration medium: mix and dissolve 4.6 g of MS plant salt
mixture (FUJIFILM Wako Pure Chemical, Osaka, Japan [13])
10 mL of MS-Vitamins, 0.1 g of myoinositol, 2 g of casamino
acid, 1 mL of NAA, 10 mL of kinetin, 30 g of sucrose, and
30 g of sorbitol in 800 mL of ultrapure water. Adjust the pH
to 5.8, add 3 g of gellan gum, make up to 1 L with ultrapure
water, and autoclave. Cool the medium to about 50 °C and
add 0.5 mL of meropenem and 1 mL of hygromycin, pour
into 25 sterile plastic petri plates (90 x 20 mm) in a laminar
flow hood, solidify and dry (see Note 7).

4. Rooting medium: Mix and dissolve 4.6 g of MS plant salt mix-
ture, 10 mL of MS-Vitamins, and 30 g of sucrose in 800 mL
of ultrapure water. Adjust the pH to 5.8, add 2.6 g of gellan
gum, make up to 1 L with ultrapure water, and autoclave. Cool
the medium to about 50 °C, add 1 mL of hygromycin, pour
into sterilized plant culture boxes in a laminar flow hood,

solidify, and dry.
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2.4 Stock Solutions
for Agrobacterium
Infection

2.5 Media
for Agrobacterium
Infection

2.6 Other Reagents
and Laboratory
Supplies

N
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. 15 mg/mL rifampicin solution: dissolve rifampicin in dimethyl

sulfoxide (DMSO), filter-sterilize, and store at —20 °C.

. 50 mg/mL kanamycin solution: dissolve kanamycin sulfate

with ultrapure water, filter-sterilize, and store at —20 °C.

. AA solutions (see Table 1): prepare all stock solutions using

ultrapure water and store at 4 °C.

. 100 mg/mL 1-cysteine solution (make before use): dissolve

L-cysteine in ultrapure water and filter-sterilize.

. 10 mg/mL acetosyringone solution: dissolve with DMSO,

filter-sterilize, and store at —20 °C.

. Lysogeny broth (LB) medium: mix and dissolve 1 g of tryp-

tone, 0.5 g of yeast extract, 1 g of NaCl, and 20 pL of 5 N
NaOH in 90 mL of ultrapure water. Add 1.5 g of agar, make
up to 100 mL with ultrapure water, and autoclave. Cool the
medium to about 50 °C, add 0.1 mL of rifampicin and 0.1 mL
kanamycin (see Note 5), pour into sterile plastic petri plates
(90 x 15 mm) in a laminar flow hood, solidify, and dry.

. Infection medium (liquid) [1]: mix and dissolve the following

reagents in 400 mL of ultrapure water: 0.5 mL each of AA-1-
5,2.5 mL of AA-6, 5 mL of AA-Sol, 0.25 g of casamino acids,
34.25 g of sucrose, 18 g of glucose, 0.45 g of L-glutamine,
0.15 g of vL-aspartic acid, and 1.5 g of potassium chloride.
Adjust the pH to 5.2, make up to 500 mL with ultrapure
water, autoclave, and store at 4 °C.

. Cocultivation medium (liquid) [14]: mix the same reagents as

those in the callus induction medium (except for gellan gum)
in 400 mL of ultrapure water and add 2.5 g of glucose. Adjust
the pH to 5.8, make up to 500 mL with ultrapure water, auto-
clave, and store at 4 °C.

. Ethanol: 70% (vol/vol) in distilled water.

. 1.5% sodium hypochlorite in sterile distilled water, prepared

before use.

. Small rice husker.

. Surgical tape.

. Parafilm.

. Sterile plastic petri plates: 90 x 20 mm.

. Screw cap plastic tubes: 50 mL, transparent.
. Microspatula or loop.

. Stainless steel sieve (or tea strainer).

10.

. Filter paper: 90 mm in diameter, No. 2.

Paper towels.



Table 1

Agrobacterium Transformation in the Rice Genome 211

AA stock solutions

Solution Components Amount (per 100 mL)
AA-1 Manganese (II) sulfate pentahydrate 1000 mg
Boric acid 300
Zinc sulfate heptahydrate 200
Disodium molybdate (VI) dihydrate 25
Copper (II) sulfate pentahydrate 2.5
Cobalt (IT) chloride hexahydrate 2.5
Potassium iodide 75
AA-2 Calcium chloride dihydrate 15¢g
AA-3 Magnesium sulfate heptahydrate 25¢g
AA-4 Ethylenediamine-N,N,N’ N'-tetraacetic acid, Iron (III) sodium salt, 4 g
trihydrate
AA-5 Sodium dihydrogen phosphate dihydrate 15 g
AA-6 Nicotinic acid 20 mg
Pyridoxine hydrochloride 20
Thiamine hydrochloride 200
Myo-inositol 2000
AA-Sol  L-arginine 18¢g
Glycine 0.075
3 Methods
3.1 Callus Induction . Remove the hulls from the required amount of mature rice
from Mature seeds and collect healthy seeds with intact embryos in a 50 mL
Rice Seeds tube (see Note 8).

. Add 70% ethanol to the tube, hand-shake for 30 s to sterilize

the surface, and discard the liquid.

. Pour 1.5% sodium hypochlorite to below half of the tube and

vigorously shake for 20-30 min.

. In the laminar flow hood, discard the sodium hypochlorite

solution and wash the seeds five times with sterilized ultrapure
water.

. In the laminar flow hood, place 10-15 sterile seeds at intervals

with the embryo pointing upward, slightly embedded in the
callus induction medium (see Note 9). Seal the plate with sur-
gical tape.

. Incubate the plates under dim light (about 3.5 klux) at

28-30 °C for 3—4 weeks (see Note 10).
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3.2 Preculture
of Agrobacterium
and Calli for Infection

3.3 Callus Infection
by Agrobacterium
(Modified Based

on [14])

3.4 Selection
of Transformed Calli

8.

. Streak a single colony of transformed Agrobacterium onto the

LB medium. Incubate in darkness at 28 °C for 3 days.

. In the laminar flow hood, collect the calli spilling from the scu-

tellum for three plates (see Subheading 3.1) onto one fresh cal-
lus induction medium (yellowish white calli, slightly transparent,
about 1.5-3 mm in diameter), and incubate under dark or dim
light (about 3.5 klux) at 28-30 °C for 3 days (se¢ Note 11).

. Add 30 mL of infection medium and 45 pL of acetosyringone

to a 50 mL tube.

. Scrape a small amount of precultured Agrobacterium with a

microspatula or loop and sufficiently suspended in the infec-
tion medium so that aggregates do not remain (se¢ Note 12).
Adjust the Agrobacterium optical density (OD600) to
0.05-0.1.

. Prepare 11 mL of cocultivation medium in a 50 mL tube, add

16.5 pL of acetosyringone and 11 pL of fresh L-cysteine. Pour
5.5 mL of the prepared cocultivation medium into two steril-
ized petri plates containing three sterilized filters. Seal with
Parafilm until use (se¢ Note 13).

. Collect the calli on the preculture plate in one place and place

in a new 50 mL sterile tube. Pour the whole amount of the
infection medium (prepared in steps 1 and 2 above) into the
tube and shake gently for 2 min.

. Place a stainless-steel sieve above an empty sterile petri plate

during the waiting time.

. Pour the calli over the sieve, lift the calli with the sieve, place

them on sterile paper towels and remove the Agrobacterium

fluid.

. Place calli onto two cocultivation plates (prepared in step 3

above) and seal with Parafilm.

Incubate in darkness at 25 °C for 3 days.

The following steps 1-4 should be performed in a laminar flow

hood.

1.

Place the infected calli (on the two coculture plates) into a
50 mL sterile transparent tube and wash with sterile water by
gently shaking the tube. Discard the suspension of
Agrobacterium slowly into a beaker. Repeat washes until the
rinse water is clear (see Note 14).

. Rinse the calli with sterile water to which meropenem was

added at a 1000-fold dilution. Pour the calli suspension into a
sterile stainless-steel sieve placed on a plastic petri dish.



3.5 Regeneration
of Transgenic Rice
Plants

3.6 Rooting
of Transgenic Rice
Plants

3.7 Habitation
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3. Put the stainless-steel sieve containing calli onto sterile paper tow-

els and remove water from the surface of the calli (see Note 15).

4. Transfer about 20 calli onto a selection media (se¢ Note 16)

5.

and seal with surgical tape.

Incubate at 28-30 °C under dark or about 3.5 klux for
3—4 weeks until the selected calli grow (see Notes 17 and 18).

The following steps 1 and 2 should be performed in a laminar flow
hood.

1.

Transfer the growing calli to regeneration medium, place four
or five calli populations originating from a single cocultured
callus on one plate (se¢ Note 19).

2. Seal plates with surgical tape.

3.

Incubate at 28—-30 °C and about 4.5 klux for 3—4 weeks.

The following steps 1 and 2 should be performed in a laminar flow
hood.

1.

Transfer regenerated shoots of 3—4 cm in length to rooting
medium in plant boxes (see Note 20).

2. Seal boxes with surgical tape, if necessary.

. Incubate at 28-30 °C and about 4.5 klux for several weeks

until the roots grow sufficiently.

. When the plant grows sufficiently in the boxes, open the lid

slightly and gradually expose it to the outside air.

. After confirming the growth of the plant, gently pull out the

plant from the gel medium and thoroughly remove the gel
adhering to the roots.

. If necessary, cultivate with soil and water.

4 Notes

. It is possible to use japonica varieties other than Nipponbare,

but it is preferable to use a variety that efficiently obtains
regenerated plants in the antibiotic-free medium used in this
protocol. For Koshihikari and its related strains, which are
elite varieties in Japan, it is necessary to modify the culture
medium, as the nitrogen metabolizing ability is lowered [3].
For these cultivars, this method can be used by using a low-
nitrogen medium. Specifically, in the case of N6, 707.5 mg/L
of potassium nitrate and 688 mg/L of r-alanine are added to
a nitrogen-free N6, and a medium supplemented with
475 mg/L of potassium nitrate and 412.5 mg/L of ammo-
nium nitrate is used for a nitrogen-free MS.
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10.

11.

12.

13.

14.

. When dried at high temperatures, the germination rate

decrease quickly and should be dried slowly at a low
temperature.

. The germination rate of dried seeds is maintained for more

than 10 years by storage at —1 to 5 °C and 50% relative humid-
ity (germinability depends on variety).

. Generally, a binary vector system is used, in which a helper

plasmid having a series of gene introductions for the ri7 gene
and a plasmid having the gene to be introduced in the T-DNA
region are separate. In addition to the EHA 105 strain, EHA
101 and LBA 4404 [15] are also frequently used.

. For bacteria selection, other antibiotics can be used, but

hygromycin can be selected most efficiently for rice. As various
vector systems have been developed, appropriate reagents
should be selected according to the vector and Agrobacterium
strain used.

. In the case of'rice, lowering the water content of the callus is

considered to be important for successful culturing. It is advis-
able to keep the petri medium sufficiently dry and store with
the humidity lowered.

Since sterile plastic petri dishes are needed for rice tissue cul-
ture, there is concern about the effect of residual ethylene
oxide gas (EOQG) on the culture; thus, we recommend using
gamma ray-sterilized petri dishes instead of EOG-sterilized
dishes.

Usually 30-50 seeds per infection are used.

By placing each seed at a distance from each other, it is possi-
ble to rescue the remaining seeds from fungus-contaminated
seeds during culturing.

Observe the state of the plate frequently about 1 week after
the start of culturing and check for contamination. When con-
tamination occurs, the remaining uncontaminated seeds are
immediately transplanted into a fresh medium.

Before collecting the calli for subculture, remove the seeds
that have developed seedlings or brown calli from the culture
plates and discard them.

It Agrobacterium aggregates remain, excessive proliferation
occurs during coculture and the infected calli are damaged.

The antioxidant effect of L-cysteine is thought to reduce plant
cell damage caused by Agrobacterium infection, and if it is
converted to cystine by air oxidation its effect will be lost.

Usually, it becomes a clear solution by washing five or six
times. For subsequent easy handling, wash gently so that the
callus does not break.
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16.

17.

18.

19.

20.
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It is important to remove excess water from the calli to ensure
active culture growth.

In the process of selective culture, as the callus proliferation
progresses, adjacent calli can mix. Place each callus piece apart
so that independent transformation events can be
distinguished.

Agrobacterium may grow on the callus surface during the
beginning of selective culture. Observe the calli every day; if
Agrobacterinm proliferates, transfer only other healthy calli to
the new selection medium. Additionally, as the selection cul-
ture period becomes longer, the effect of the antibiotics weak-
ens, and Agrobacterium regrows. If the transformed callus
proliferates slowly, it is recommended to transfer to a new
selection medium.

Nontransformed cells are browning and do not proliferate,
but most calli proliferate when the transformation efficiency is
good.

If calli are placed on the regeneration medium at high density,
the regeneration efficiency will decline. Pick about five healthy
pieces from each growing calli population and place them on
the regeneration medium to distinguish each population.

Often, not only shoots but also roots are generated during
regeneration culture. Regenerated shoots with roots are trans-
planted to the rooting medium, subsequent growth is smooth.
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In Vivo Phosphorylation: Development of Specific
Antibodies to Detect the Phosphorylated PEPC Isoform
for the G4 Photosynthesis in Zea mays
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Abstract

Phosphoenolpyruvate carboxylases (PEPCs), mostly known as the enzymes responsible for the initial CO,
fixation during C, photosynthesis, are regulated by reversible phosphorylation in vascular plants. The
phosphorylation site on a PEPC molecule is conserved not only among isoforms but also across plant spe-
cies. An anti-phosphopeptide antibody is a common and powerful tool for detecting phosphorylated target
proteins with high specificity. We generated two antibodies, one against a peptide containing a phospho-
serine (phosphopeptide) and the other against a peptide containing a phosphoserine mimetic, (S)-2-
amino-4-phosphonobutyric acid (phosphonopeptide). The amino acid sequence of the peptide was taken
from the site around the phosphorylation site near the N-terminal region of the maize Cy-isoform of
PEPC. The former antibodies detected almost specifically the phosphorylated Cy-isoform of PEPC,
whereas the latter antibodies had a broader specificity for the phosphorylated PEPC in various plant spe-
cies. The following procedures are described herein: (1) preparation of the phosphopeptide and phospho-
nopeptide; (2) preparation and purification of rabbit antibodies; (3) preparation of cell extracts from leaves
for analyses of PEPC phosphorylation with antibodies; and (4) characterization of the obtained antibodies.
Finally, (5) two cases involving the application of these antibodies are presented.

Key words PEPC, Phosphoenolpyruvate carboxylase, C, photosynthesis, Protein phosphorylation,
Phosphopeptide antibody, Phosphonopeptide antibody, Synthetic peptide, Immunodetection, Zea
mays, Flaveria bidentis

1 Introduction

Phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31), which
is usually composed of four identical subunits with an Mr of
approximately 100 kDa, is a CO,-fixing enzyme that produces
oxaloacetate from phosphoenolpyruvate (PEP) and bicarbonate,
liberating Pi in the presence of Mg (for reviews see [1-3]).
Phosphoenolpyruvate carboxylase is widespread not only in all
photosynthetic organisms, such as plants, algae, cyanobacteria,

Luis M. Vaschetto (ed.), Cereal Genomics: Methods and Protocols, Methods in Molecular Biology, vol. 2072,
https://doi.org/10.1007/978-1-4939-9865-4_18, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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and photosynthetic bacteria, but also in most nonphotosynthetic
bacteria and protozoa; however, it is apparently absent in animals,
yeasts, and fungi. This enzyme primarily plays an anaplerotic role
by replenishing C,-dicarboxylic acids used for both energy and
biosynthetic metabolism. Additionally, PEPC has multiple physi-
ological roles in plants. For example, it is responsible for the initial
CO,-fixation in the photosynthesis of C, and Crassulacean acid
metabolism plants, represents a carbon source for symbiotic N,-
fixing bacteria in the nodule, and mediates the accumulation of
malate and/or citrate in fruits [1-3]. These roles are shared by
several isoforms with diverse catalytic and regulatory properties.
Most PEPCs are regulated in an allosteric manner with various
effectors depending on the species. The PEPCs of vascular plants
are reversibly activated by the phosphorylation of the conserved
Ser located near the N-terminus [1, 2, 4]. The phosphorylation is
catalyzed by a specific protein kinase, PEPC-PK [5-7], whereas
the dephosphorylation of the enzyme is mediated by protein
phosphatase 2A, with a moderate substrate specificity [8]. The
structural mechanism underlying the phosphorylation-induced
enzymatic activation remains unclear [1, 2, 4,9, 10].

To eclucidate the dynamics of the phosphorylation of a target
protein in vivo in response to changes in the internal or external
environmental stimuli, several methods have been developed that
are specific enough to detect the phosphorylated target proteins
among many other phosphoproteins. An immunoblotting tech-
nique seems to be widely used for this purpose. In this method,
antibodies specific for the phosphorylated site of target proteins are
required. The antibodies are raised against synthetic phosphory-
lated oligopeptides with the amino acid sequence surrounding the
phosphorylation site. Because there is usually a uniquely conserved
amino acid sequence around the phosphorylation site of the target
protein, the antibodies raised against the target protein of one spe-
cies may exhibit moderately high and specific affinity for the corre-
sponding proteins of other species. We previously produced an
antibody specific for the N-terminal Ser (Ser'®)-phosphorylated C,-
form of PEPC in maize [11]. The antibody was raised against a
peptide containing phosphoserine (phosphopeptide). Despite the
limited titer, the specificity of this antibody was satisfactory. This
phosphopeptide antibody is hereafter abbreviated as the PC4 anti-
body. In transgenic rice plants carrying the maize PEPC gene, the
phosphorylated maize Cy-form of PEPC was specifically detected
with this antibody without the undesired detection of the phos-
phorylated PEPCs encoded by endogenous rice genes [12-14],
confirming the amino acid sequence-specificity of this antibody.

We raised another antibody against a peptide containing a
phosphoserine mimetic, (S)-2-amino-4-phosphonobutyric acid
(L-Apb) (phosphonopeptide), to avoid the dephosphorylation of
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antigens by endogenous phosphatases during the immunization of
rabbits. The obtained antibody had a higher affinity than the PC4
antibody and recognized the phosphorylated PEPCs in maize and
in various vascular plants [15-18]. This phosphonopeptide anti-
body is hereafter referred to as the PNB antibody.

We herein describe improved protocols for the syntheses of a
phosphopeptide and a phosphonopeptide as an alternative antigen.
We also describe the protocol for raising antibodies against these
peptides as well as our protocols for the preparation of cell extracts
and the immunodetection of phosphorylated PEPC with the anti-
bodies. Moreover, we characterize and evaluate the utility of the
antibodies. Finally, we present the following two cases in which
these antibodies were applied: (1) an analysis of the dynamics of
diurnal changes in the phosphorylation state of the maize Cy-form
of PEPC with the PC4 antibody and (2) an examination of trans-
genic Flaveria plants lacking phosphorylated PEPC because of the
knockdown of a gene encoding a specific protein kinase, PEPC-PK,
with the PNB antibody.

2 Materials

2.1 Preparation
of Antibodies Detecting
Phosphorylated PEPC

2.1.1 Materials
for the Synthesis
of the Phosphopeptide

1. Automated peptide synthesizer.

2. Resins: N-9-Fluorenylmethoxycarbonyl (Fmoc) amino acid-
preloaded 4-(hydroxymethyl)phenoxymethyl resin (Wang
resin) or 4-(2',4’-dimethoxyphenyl- N-Fmoc-aminomethyl)
phenoxy resin (Rink amide resin).

3. Fmoc amino acids: Side chain protections are as follows:
Ser[PO(OH)OBzl], Thr[PO(OH)OBzl], Tyr[PO(OH)
OBzl], Asp(OtBu), Glu(O#Bu), Arg(Pbf), Lys(Boc), His(Trt),
Cys(Trt), Ser(zBu), Thr(zBu), Tyr(zBu), Trp(Boc), Asn(Trt),
GIn(Trt).

Abbreviations: OBzl, O-benzyl; OtBu, O-tert-Butyl; Pbf,
2,2.4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl;  Boc,
tert-butoxycarbonyl; Trt, trityl.

4. Preparative column and instrument for reversed-phase (RP)
HPLC

5. Reagents and solvents:
*  Diperidine.
*  N-Methylpyrrolidone (NMP).

* O-(6-Chlorobenzotriazol-1-yl)-N,N,N', N'-
tetramethyluronium hexafluorophosphate (HCTU).

¢ 6-Chloro-1-hydroxybenzotriazole (6-CI-HOBt).
*  N,N-Diisopropylethylamine (DIEA).
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2.1.2 Materials

for the Conjugation

of the Phosphopeptide
Antigen to the Carrier
Protein

2.1.3 Materials
for Immunization

2.1.4 Materials

for the Precipitation

of Antibodies

with Ammonium Sulfate

2.1.5 Materials
for the Preparation
of Affinity Columns

2.1.6 Materials
for the Affinity Purification
of Antibodies

[\

AN UL~ W

w o

p—

N O Uk N

B

LIS S

Yoshihisa Ueno et al.

*  Acetic anhydride (Ac,O).

* 1-Hydroxybenzotriazole (HOBt).
*  Dichloromethane.

*  Diethyl ether.

e Trifluoroacetic acid (TFA).

*  Triisopropylsilane (TIS).

*  Thiophenol.

e Acectonitrile (CH3CN).

. Keyhole limpet hemocyanin (KLH, Calbiochem).

. Phosphate-buffered saline (PBS) and PBS (pH 8.0). The pH
of PBS is 7.0 to 7.4 unless otherwise stated.

. N-(6-Maleimidocaproyloxy)succinimide (EMCS).
. Dimethyl sulfoxide (DMSO).

. 8 M urea (pH 7).

. Dialysis tube.

. Japanese white rabbits.
. Freund’s adjuvant.

. Cooling centrifuge.

. Saturated ammonium sulfate solution.
PBS.
. Dialysis tube.

. Cooling centrifuge.

. Amino-terminal cross-linked agarose gel (Affi-Gel 102 Gel,

Bio-Rad).
. PBS and PBS (pH 8.0).
. EMCS.
. DMSO.
. Blocking buffer (0.1 M mercaptoethylamine in PBS).
. End-over-end shaker.

. Empty column.

. 1 M NaCl in phosphate buffer (pH 7).

PBS.
. 0.1 M glycine-HCI (pH 2.3).
. 0.5 M Tris—HCI (pH 7.5).



2.1.7 Materials

for Enzyme-Linked
Immunosorbent Assay
(ELISA)

2.1.8 Materials

for the Production

of a Phosphorylation
Site-Specific Antibody
Using

the Phosphonopeptide
as an Antigen
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. Ovalbumin (OVA).

. PBS and PBS (pH 8.0).

. EMCS or N-(4-maleimidobutyryloxy)succinimide (GMBS).
. DMSO.

. 8 M urea (pH 7).

. Dialysis tube.

. 96-well microtiter plate.

. Coating buffer (carbonate buftfer, pH 9.5).

. Blocking solution (casein in PBS).

. Horseradish peroxidase-conjugated secondary antibody.
. PBS containing bovine serum albumin (BSA).

. 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diam-

monium salt (ABTS).

. 50 mM acetate buffer (pH 4.0).

. Plate reader.

. Automated peptide synthesizer (applicable to Boc chemistry).
. Hydrogen fluoride (HF)-reaction apparatus.

. Reversed-phase (RP) HPLC.

. Boc-Arg(Tos)-4-oxymethylphenylacetamido-methyl

(PAM)

resin.

. Boc-L-Apb(Me,) (Fig. 1) [21].

. Boc amino acids: Side chain protections are as follows:

Asp(OHex), Glu(OHex), Arg(Tos), Lys(ClZ), His(Bom),
Cys(MeBzl), Ser(Bzl), Thr(Bzl), Tyr(BrZ), Trp(For).
Abbreviations: OHex; Ocyclohexyl, Tos; tosyl, ClZ;
2-chlorobenzyloxycarbonyl, Bom; benzyloxymethyl, MeBzl;
4-methylbenzyl, BrZ; 2-bromobenzyloxycarbonyl, For; formyl

. Reagents and solvents:

«  50% TFA/CH,Cl,

+ DIEA.

*  DCC (N,N'-dicyclohexylcarbodiimide).
* HOBt

*  NMPD

¢ Ac,O.

* 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(WSCD).

« DMF.

« HF
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2.2 Detection

of Phosphorylated
PEPCs Using

the Antibodies

2.2.1  Plant Materials
2.2.2 Materials for the

Extraction of Proteins
from Maize Leaves

2.2.3 Large-Scale
Extraction

CI)H (IDCH3
O;P\’ OH O;p\’OCHS
CH, CH,
\H \H
_ _OH Boc OH
H,N N
o H oo
L-Phosphoserine L-Apb Boc-L-Apb(Me»)

Fig.

(PS)

1 Chemical structures of L-phosphoserine (pS), (S)-2-amino-4-

phosphonobutyric acid (L-Apb), and Boc-L-Apb(Me,)

+  p-Cresol.

*  Diethyl ether.

* Dithiothreitol.

* Aqueous ammonia.

+ TFA.

+  CH;CN.

*  Trimethylsilyl trifluoromethanesulfonate (TMSOTT).
*  Dimethyl sulfide.

*  Diisopropyl ether.

Maize: Zea mays inbred line H84 (see Note 1).

Materials for the large-scale and microscale protein extraction
methods are listed (see Note 2).

N~ W N -

. Liquid nitrogen.
. Cold room (9 °C or lower).
. (Optional) Kitchen knife and a Waring blender.

. Extraction buffer for a large-scale preparation (see Note 3).

0.1 M Tris—HCI, pH 7.5.

10 mM EDTA (see Note 4).

10% (v/v) glycerol.

10% (v/v) ethylene glycol (see Note 5).



2.2.4 Microscale
Extraction

2.3 Materials for the
Phosphorylation

of PEPG by PEPC-PK
In Vitro
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14 mM 2-mercaptoethanol (see Note 6).

0.3 g/L benzamidine-HCI (se¢ Note 7).

1 mM phenylmethanesulfonyl fluoride (PMSF) (see Note 7).
5 mM sodium phosphate (se¢ Note 8).

50 mM NaF (see Note 8).

5% (w/v) insoluble polyvinylpolypyrrolidone (PVPD).

. Polytron homogenizer (Kinematica).

. Nylon meshes (1 mm and 100 pm).

. Refrigerated centrifuge.

. Saturated ammonium sulfate solution in 0.1 M Tris-HCI (pH

7.6) at 4 °C.

. Liquid nitrogen.

. TissueLyser II™ (Qiagen) or equivalent bead mill apparatus.
. Zirconia beads (5-mm diameter).

. 2-mL Eppendorf microtubes.

. Extraction buffer (see Note 9).

50-100 mM Tris—-HCI or Hepes—-KOH (pH 7.5-7.8) con-
taining protease and phosphatase inhibitor cocktails.

. Vortex mixer.
. Microcentrifuge.
. Apparatus and reagents for Western blotting (see Note 10).

. (Optional) saturated ammonium sulfate solution in 0.1 M

Tris—HCI (pH 7.6).

. Spin column (Sephadex G-25 or equivalent) (see Note 11).
. Dissolving buffer.

20 mM Tris—HCI, pH 7.6 (see Note 11).
2 mM dithiothreitol (DTT) (sec Note 12).

. Protease inhibitor cocktail (EDTA-free).
. Microcentrifuge.

. PEPC (see Note 13).

. PEPC-PK (see Note 14).

. 10x reaction mixture (se¢ Note 15).

10 mM EGTA.
1 mM ATP.
20 mM MgClL.

. Apparatus and reagents for Western blotting.
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2.4 Materials
for Inmunodetection

2.4.1 Western Blot
Analysis

2.4.2 Dot Blot Analysis

. Spin column (see Subheading 2.3).
. Dissolving bufter (see Subheading 2.3).

. Microcentrifuge.

> w

. Apparatus and reagents for sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (SDS-PAGE).

. Apparatus and reagents for blotting.

N g

. Apparatus and reagents for immunodetection:
*  Dolyvinylidenedifluoride (PVDF) membrane.
*  Blocking reagent (sec Note 16).

*  Phosphopeptide /phosphonopeptide and PEPC
antibodies.

* Secondary antibody: horse radish peroxidase (HRP)-
conjugated anti-rabbit antibody.

*  Tris-buffered saline containing 0.05% Tween 20 (TBST).
e Shaker.
*  Apparatus and reagents for detecting HRP.

. Bio-dot apparatus (Bio-Rad) or equivalent.
. Bovine serum albumin (BSA).

. Blocking reagent (see Note 16).

N~ w N -

. Apparatus and reagents for immunodetection (see Subheading
2.4.1).

3 Methods

3.1 Selection
of the Peptide
Sequence

for Immunization

3.2 Chemical
Synthesis of the
Phosphopeptide [19]

To obtain a phosphorylation site-specific antibody for a target
phosphoprotein, a phosphopeptide representing part of the pro-
tein sequence is used as an antigen. In general, four to six residues
are placed at the N- and C-terminal sides of the target phosphoser-
ine /threonine /tyrosine residue of the protein. A Cys residue is
coupled to the N-terminus or C-terminus of the selected phospho-
peptide to enable the efficient conjugation with the carrier protein
[e.g., keyhole limpet hemocyanin (KLLH)|. The following sequences
were chosen for the maize C,-form of PEPC.
Phosphopeptide: G-C-P-G-E-K-H-H-pS-I-D-A-Q-L-R
(pS denotes phosphoserine)
Nonphosphopeptide: G-C-P-G-E-K-H-H-S-1-D-A-Q-L-R

1. Add piperidine/ NMP (1/4 v/v, 10 mL) to an Fmoc amino
acid-preloaded Wang resin or an Fmoc-protected Rink amide
resin (0.25 mmol), and vortex the mixture four times for
2.5 min each to remove the Fmoc group.



3.3 Production

of a Phosphorylation
Site-Specific Antibody
Using the
Phosphopeptide as an
Antigen (e.g., PG4
Antibody)

3.3.1 Conjugation
of the Phosphopeptide
Antigen to the Carrier
Protein
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2. Wash the resin five times with NMP.

10.

11.

12.

13.

. Dissolve the Fmoc amino acid (1.0 mmol)/ HCTU/ 6-Cl-

HOBt (4/4/4 mol eq.) in NMP, after which add DIEA (8
eq.) to the solution and stir the mixture for 1 min.

. Add the above solution to the resin and vortex the mixture for

30 min to couple the Fmoc amino acid.

. After filtering the reaction solution, add Ac,O/HOBt/DIEA

to the resin and vortex the mixture for 5 min to cap unreacted
amino groups.

. Wash the resin five times with NMP.
. Repeat steps 1-6 to elongate the desired peptide chain.
. Add piperidine/NMP (1,/4 v/v, 10 mL) and vortex the mix-

ture four times for 2.5 min each to remove the Fmoc group.

. Wash the obtained protected peptide resin successively with

NMP, dichloromethane, and diethyl ether, after which dry it
under vacuum.

Add TFA (20 mL), TIS (0.54 mL), H,O (0.54 mL), and thio-
phenol (0.54 mL) to the peptide resin (0.25 mmol) in a round-
bottom flask, with stirring at room temperature for 1.5-2 h.

Add dry cool diethyl ether (300 mL) to the reaction mixture
and collect the precipitate by filtration with a microfilter.
Extract the crude phosphopeptide with a proper solvent (e.g.,
0.1% TFA aq.) to separate the resin and lyophilize.

Purify the crude phosphopeptide by preparative RP-HPLC
(CH3CN/0.1% TFA aq. linear gradient system). Collect the
desired pure fractions and lyophilize to obtain the pure phos-
phopeptide. The phosphopeptide vyield is generally 100-
200 mg (corresponding to an overall yield of 30-70%).

The obtained phosphopeptide should be identified by mass
spectrometry and the amino acids should be analyzed follow-
ing an acid hydrolysis. The purity of the final product should
be determined by analytical RP-HPLC.

. Dissolve KLH (Calbiochem, 100 mg) in phosphate-buffered

saline (PBS, pH 8.0, 3 mL) and stir the mixture gently.

. Slowly add EMCS (40 mg) in DMSO (2 mL) to the KLH

solution and stir the mixture at room temperature for 3 h.

. Dialyze the reaction mixture against PBS several times at 4 °C.

. Add the phosphopeptide antigen (5 mg) in 8 M urea (pH 7,

0.2 mL) to maleimide-activated KLH (15 mg) and stir the
mixture at room temperature overnight.

. Dialyze the reaction mixture against H,O several times.

. Lyophilize the obtained phosphopeptide-KLH conjugate.
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3.3.2 Immunization

3.3.3  Precipitation
of Antibodies
with Ammonium Sulfate

3.3.4  Preparation
of Affinity Columns

3.3.5 Affinity Purification

[S2NNN" ~NEIN I 8]

. Immunize two rabbits with the peptide-KLH conjugate and

Freund’s adjuvant emulsified in a standard way.

. Collect blood at an appropriate time and separate the serum

by centrifugation.

. Slowly add enough saturated ammonium sulfate solution to

the antiserum being stirred gently to bring the final concentra-
tion to 40% saturation.

. Centrifuge the suspension at 2000-3000 x g for 30 min.
. Remove and discard the supernatant.
. Resuspend the pellet in PBS.

. Transfer the antibody solution to a dialysis tube and dialyze

against PBS (three changes) overnight.

. Remove the supernatant of the amino-terminal crosslinked

agarose gel (Affi-Gel 102 Gel, Bio-Rad, 4-5 mL) and resus-
pend in PBS (pH 8.0, 10-15 mL).

2. Add EMCS (30 mg) dissolved in DMSO to the medium.

. Mix the medium by end-over-end shaking overnight at room

temperature.

4. Remove the excess EMCS by washing with H,O.

1.

. Add the phosphopeptide antigen (5 mg) or the nonphospho-

peptide (5 mg) in PBS to the medium.

. Mix the medium by end-over-end shaking overnight at room

temperature.

. Remove the excess peptide by washing with H,O.
. Transfer the medium to blocking buffer (0.1 M mercapto-

ethylamine in PBS) to block any remaining active groups and
mix by end-over-end shaking overnight at room temperature.

. Remove excess blocking agent by washing with PBS.
10.

Transfer the medium to a column to obtain the phosphopep-
tide- or nonphosphopeptide-coupled agarose gel column.

Apply the antibody solution to the nonphosphopeptide-
coupled agarose gel column at a low flow rate.

2. Reapply the flow-through fraction several times.

. Apply the collected flow-through fractions to the phospho-

peptide-coupled agarose gel column.

4. Reapply the flow-through fraction several times.

. Wash the phosphopeptide-coupled agarose gel column with

1 M NaCl in phosphate buftfer (pH 7) to eliminate nonspecific
adsorption and then equilibrate the column with PBS.
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. Elute the antibodies from the column with 0.1 M glycine—

HCI (pH 2.3).

Collect the eluate in a flask containing 0.5 M Tris—-HCI (pH
7.5) to immediately return the antibodies to neutral
conditions.

Dialyze against PBS or concentrate the eluate as necessary.
The antibodies can be used without replacing the solvent, but
if necessary, replace with PBS. Store the stock solution at

2-10 °C for short-term storage or at —20 °C or —80 °C for
long-term storage. Avoid a freeze /thaw cycle.

3.3.6  Enzyme-Linked The titer of the purified antibody should be determined by ELISA.
Immunosorbent Assay . h hosph . hosph .
(ELISA) for Measuring 1. Conjugate the phosphopeptide or nonphosphopeptide to

Specificity

OVA to decrease the difference between wells.

Dissolve OVA (Sigma-Aldrich, 100 mg) in PBS (pH 8.0,
1.5-2 mL) and stir the mixture gently.

. Slowly add EMCS (15 mg) or GMBS (15 mg) in DMSO

(0.5 mL) to the OVA solution and stir the mixture at room
temperature for 3 h.

4. Dialyze the reaction mixture against PBS several times at 4 °C.

10.
11.

12.
13.
14.

Add the phosphopeptide (2-3 mg) or nonphosphopeptide
(2-3 mg) in 8 M urea (pH 7, 0.2 mL) to maleimide-activated
OVA (10 mg) and stir the mixture at room temperature
overnight.

Dilute to 2 mL with H,O or PBS.

Coat half of the wells of a 96-well microtiter plate with 100 pL.
of the appropriate phosphopeptide-OVA conjugate at a con-
centration of 20-50 pg/mL in coating buffer (carbonate buf-
fer, pH 9.5).

. Coat the other half of the wells of the 96-well microtiter plate

with 100 pL of the appropriate nonphosphopeptide-OVA
conjugate at a concentration of 20-50 pg,/mL in coating but-
fer (carbonate buffer, pH 9.5).

Cover the plate and incubate overnight at 4 °C or room
temperature.

Wash the plate four times with H,O.

Add 100 pL of blocking solution (casein in PBS) to each well.
Incubate for several hours (or longer) at 4 °C or room
temperature.

Remove the blocking solution.
Add 100 pL of suitably diluted samples to the relevant wells.

Incubate overnight at 4 °C or room temperature.
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3.4 Production

of a Phosphorylation
Site-Specific Antibody
Using the
Phosphonopeptide

as an Antigen
(Exemplified by PNB
Antibody Production)

3.4.1  Chemical
Synthesis
of Phosphonopeptide

Yoshihisa Ueno et al.

15.
16.

17.
18.

19.
20.

Wash three times with H,O.

Add 100 pL of the horseradish peroxidase-conjugated secondary
antibody (appropriately diluted in PBS containing BSA) to
each well and incubate for 90 min at room temperature.

Wash three times with H,O.

Add 100 pL of ABTS solution (0.4 mg/mL in acetate bufter,
50 mM, pH 4.0) to each well and incubate at room tempera-
ture for 15 min.

Read absorbance values immediately at 415 nm.

Compare the titers for the phosphopeptide and nonphospho-
peptide and if there is any antibody for the nonphosphopeptide
remaining, apply the antibody solution to the nonphosphopep-
tide-coupled agarose gel column again.

A phosphorylation site-specific antibody may also be produced
with phosphonopeptide (phosphopeptide mimetic) as an antigen.
In this peptide, phosphoserine is replaced with (§)-2-amino-4-
phosphonobutyric acid (1-Apb) (Fig. 1). Because the phosphoryl
group in L-Apb is supposedly resistant to dephosphorylation by
endogenous phosphatases during the immunization of rabbits,
better antibodies with a higher titer are expected [20]. The follow-
ing sequence was chosen for the maize C,-form of PEPC as an
antigen.

Phosphonopeptide: G-C-P-G-E-K-H-H-X-I-D-A-Q-L-R
X=L-Apb

. Synthesize the key material, Boc-1.-Apb(Me,) (Fig. 1), as previ-

ously described by G. Tong et al. [21].

. Add 50% TFA/ CH,Cl, to a Boc-Arg(Tos)- PAM resin (0.3 g,

0.15 mmol) and vortex the mixture two times (3.5 and
16.5 min) to remove the N*-Boc group.

. Wash the resin five times with CH,Cl,, neutralize with 5%

DIEA/NMP two times and then wash it five times with NMP.

. Dissolve the Boc amino acid/DCC/HOBt(13/13/13 mol

eq) in NMP, mix the solution for 40 min and filtrate.

. Add the filtrate to the resin and vortex the mixture for 1 h to

couple the Boc amino acid.

. After filtering the reaction solution, add Ac,O,/HOBt/DIEA

to the resin and vortex the mixture for 5 min to cap unreacted
amino groups.

. Wash the resin four times with NMP and five times with CH,Cl,.
. Repeat steps 2-7 to clongate the peptide chain until the

I-D(OHex)-A-Q-L-R(Tos)-resin is prepared.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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. For the coupling of Boc-L-Apb(Me,), add Boc-1-Apb(Me,)

(1.2 eq), WSCD (1.5 eq) and HOBt (1.2 eq) in DMF to the
resin and stir at room temperature for 8 h.

Repeat steps 2-7 to elongate to obtain the desired protected
phosphonopeptide-resin.

Add 50% TFA/CH,CI, to the resin and vortex the mixture
two times (3.5 and 16.5 min) to remove the N*-Boc group.

Wash the resin five times with CH,Cl,, neutralize with 5%
DIEA/NMP two times, and then five times with NMP.

Wash thus obtained desired protected phosphonopeptide-
resin successively with NMP, CH,Cl,, and diethyl ether, after
which dry it under vacuum.

Transfer the resin to an HF-reaction vessel (resistant to HF),
to which add p-cresol (2 mL). Set the vessel to an HF-reaction
apparatus, to which add HF (8 mL), and stir the mixture for
60 min at —5 °C to detach the resin support and remove all
protected groups except for two methyl groups on Apb.

After concentrating the reaction mixture in vacuo at —5 °C,
add dry cool diisopropyl ether (200 mL) to the reaction mix-
ture and collect the precipitate by filtration with a microfilter.
Extract the crude Apb(Me,)-phosphonopeptide with 0.1%
TFA aq. to separate the resin and lyophilize.

Treat the crude Apb(Me,)-phosphonopeptide with dithioth-
reitol (5 eq) in aqueous ammonia for 10 min, acidify the mix-
ture with TFA, and then purity it by preparative RP-HPLC
(CH3;CN/0.1% TFA aq. linear gradient system).

Add TMSOTf-dimethyl sulfide-p-cresol-TFA (3.0, 2.3, 1.6,
5.2 ml, respectively) to the purified Apb(Me,)-
phosphonopeptide and stir the mixture for 18.5 h at 0 °C to
remove the remained two methyl groups on Apb.

Add dry cool diisopropyl ether (300 mL) to the reaction mix-
ture and collect the precipitate by filtration with a microfilter.

Purity the crude phosphonopeptide by preparative RP-HPLC
(CH;CN/0.1% TFA aq. linear gradient system). Collect the
desired pure fractions and lyophilize to obtain the pure phos-
phonopeptide as a white amorphous powder.

The obtained phosphonopeptide should be identified by mass
spectrometry and the amino acids should be analyzed follow-
ing an acid hydrolysis. The purity of the final product should
be determined by analytical RP-HPLC.

The obtained phosphonopeptide is conjugated to the carrier

protein for a subsequent immunization of rabbits, after which the
antisera are purified by affinity chromatography with a procedure
that is almost the same as that used for the phosphopeptide
described in Subheading 3.3.
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3.5 Methods for the 1.

Extraction of Proteins

from Maize Leaves

(See Notes 2 and 7)

3.5.1 Large-Scale 2

Extraction
3

3.5.2 Micro-scale 1

Extraction (See Note 20)
2
3
4
5
6
7.
8

Harvest maize leaves. For mature leaves, remove the midribs.
Immediately homogenize the leaves according to the follow-
ing procedure or freeze materials with liquid nitrogen and
store at —80 °C.

. Proteins should be extracted at 9 °C or lower within 30 min of

harvesting the leaves (see Note 7). When mature leaves are
used immediately for a protein extraction, mince leaves (not
frozen) using a kitchen knife. Suspend the minced leaves in 5
volumes (per wet weight) of the ice-cold extraction buffer.
Roughly disrupt the leaves with a Waring blender and further
homogenize with a polytron homogenizer. When frozen
leaves are used as the starting material, pulverize the leaves in
liquid nitrogen with a pestle chilled with liquid nitrogen and
then suspend the leaf material in the ice-cold extraction bufter

for a subsequent homogenization with the polytron (see Notes
17 and 18).

. Filter the homogenate through layers of nylon meshes (1 mm

and 100 pm, in turn) (se¢ Note 19), and then centrifuge at
6000 x g for 10 min. Fractionate the supernatant with satu-
rated ammonium sulfate in 0.1 M Tris-HCI (pH 7.6) (25—
60% saturation). Dissolve the precipitate in the extraction
bufter without PVPP. Bring the solution to 60% saturation
with the saturated ammonium sulfate solution. Freeze the
resulting suspension with liquid nitrogen and store at —80 °C.

. Prepare the required number of zirconia bead sets in a 2-mL

Eppendort microtube.

. Weigh detached leaf samples and add them to the microtubes

(see Note 21).

. Flash-freeze the samples with liquid nitrogen and store them

at —80 °C until used.

. Prechill the TissueLyser II™ adapter tube holder (2 x 24) in a

freezer (see Note 22).

. Prepare two or more polyacrylamide gels and 3x gel loading

buffer (including 6% SDS) for the SDS-PAGE. Prior to the
next step, dispense the 3x gel loading buffer into each tube
and set gels in an electrophoresis tank (se¢ Note 10).

. Set the frozen sample tubes into a chilled holder under freez-

ing conditions provided by liquid nitrogen to avoid melting.

Disrupt leaf tissues with the TissueLyser II™ at 18 Hz for
80 s, making sure to prevent the samples from melting.

. Add 10-20 volumes (per wet weight of sample) of extraction

buffer to the powdered samples in tubes, after which quickly
mix the solutions with a vortex mixer for 1 s and centrifuge at
maximum speed (e.g., 15,000 x g) for 1 min.



3.6 Method
for Phosphorylating
PEPC In Vitro

3.7 Methods
for Inmunodetection

3.7.1 Western Blot
Analysis

3.7.2 Dot Blot Analysis
(See Notes 25 and 26)
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9. Immediately recover the supernatant and add 2 volumes to 1

10.

volume of 3x gel loading buffer and mix well. Alternatively,
fractionate supernatants with ammonium sulfate (25-60% sat-
uration) and store as ammonium sulfate suspensions (60%
saturation) at —80 °C until used (see Note 23).

Immediately subject the samples to SDS-PAGE followed by
an immunodetection analysis (see Note 10).

. When the extracts are stored as an ammonium sulfate suspen-

sion, remove the ammonium sulfate from the extracts with a
spin column according to the following procedure prior to the
phosphorylation reaction (see Note 11). For the frozen
extracts, thaw and centrifuge samples. Dissolve the protein
precipitates with a small amount of the dissolving buffer. Desalt
the solutions with spin columns preequilibrated with the dis-
solving buffer, after which add a protease inhibitor cocktail
(EDTA-free) to the eluents.

. Start the phosphorylation reaction by adding the 10x reaction

mixture and PEPC-PK [final 0.5 ng/pL [15]] to the PEPC
solution (crude or desalted extract) and then incubate at 30 °C
for 15 min (see Notes 11-13, 15, and 24).

. Stop the reaction by adding 1/2 volume of 3x gel loading

bufter and complete a Western blot analysis.

For extracts containing ammonium sulfate, desalt samples (see
Subheading 3.6) prior to the SDS-PAGE.

1.

Complete the SDS-PAGE with dual gels for the subsequent
blotting, with one gel used for the phosphopeptide /phospho-
nopeptide antibody and the other gel used for the PEPC whole
protein antibody.

. After the electrophoresis, transfer the proteins to PVDF mem-

branes according to a semidry or tank method. Block mem-
branes with the blocking reagent at room temperature for
30 min, after which add the primary antibody.

. After incubating with the primary antibody, add the HRP-

conjugated secondary antibody and detect the chemilumines-
cence with the chemiluminescence system. Quantity the signal
intensities derived from the phosphopeptide /phosphonopep-
tide antibody with a luminoimager and normalize the signals
based on the corresponding signals for the PEPC antibody. If
a luminoimager is not available, complete a dot blot analysis,
which is a useful semiquantitation method.

The dot blot analysis and the Western blot analysis involve the same
method except for the blotting. Precipitate the proteins in the ammo-
nium sulfate suspension and dissolve with PBS (see Note 27). Serially
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3.8 Evaluation
and Application
of Phosphorylation-
Specific Antibodies

3.8.1 Specificity
of the Recognition
by the Antibodies

3.8.2 Anti-
phosphopeptide (PC4)
Antibody

3.8.3 Anti-
phosphonopeptide (PNB)
Antibody

dilute the extracts with PBS containing 1 pg/mlL BSA and blot sam-
ples onto a PVDF membrane using the Bio-Dot apparatus. Prepare
two sheets for the blotted membrane, with one used for detecting
phosphorylated PEPC with the phosphopeptide /phosphonopeptide
antibody and the other used for detecting the PEPC protein with an
antibody as described for the Western blot analysis.

A luminoimager can be used to measure the signal intensities.
The chemiluminescence can also be detected with X-ray film. If a
luminoimager and a dark room are not available, detect signals
with a colorimetric method involving 0.5 mg/mL 3,3’-diamino-
benzidine and 0.009% (v/v) H,O, in PBS.

The amino acid sequence of the synthetic oligopeptide used to
immunize rabbits is based on the maize C,-form of PEPC (Zea
mays). The sequence is from the 9th to the 2lst residue
(-PGEKHHSIDAQLR-), in which a phosphorylated Ser is located
at the 15th position from the N-terminus (Fig. 2a). Two amino
acid residues, Gly (G) Cys (C), are added to the N-terminus of this
phosphopeptide for the conjugation to KLH (se¢ Subheading
3.3.1). The peptide is then used as an antigen (Fig. 2a).

The PC4 antibody specifically recognizes the phosphorylated wild-
type Cy-form of the maize PEPC (ZmC4PEPC) (Fig. 2b). The
fact that a mutant PEPC (S15D), in which the negatively charged
Asp replaces the phospho-Ser!® [9], is not detected by the antibody
(Fig. 2b) confirms that the phosphoryl group is indispensable for
the antibody recognition. The antibody also reacts with the extract
prepared from sorghum (Sorghum bicolor) leaves (data not shown);
however, it does not recognize the maize root-form of PEPC pro-
duced in Escherichin coli and phosphorylated in vitro (data not
shown). The corresponding amino acid sequences of the sorghum
C,-form and maize root-form PEPCs are ASERHHSIDAQLR
and MPERHQSIDAQLR, respectively [22, 23]. Thus, Lys'? is not
required for the antibody recognition, whereas His!* is. Specifically,
two consecutive His residues and the adjacent highly conserved
sequence, pSIDAQLR, are believed to form an epitope. Consistent
with this idea, a mutant PEPC (K12N), in which Lys!? is replaced
by Asn (N), also produces a clear signal only when it is phosphory-
lated (Fig. 2b, [11]). The corresponding amino acid sequence in
the C;-form of the maize PEPC is KMERLSSIDAQLR (Fig. 2a,
[24]). Taken together, we concluded that the PC4 antibody spe-
cifically detects the phosphorylated C,-form of the maize PEPC.

The Cy-form of the PEPC from a C,-photosynthetic flaveria spe-
cies (Flaveria bidentis) is also phosphorylated diurnally. The Cy-
form of the F. bidentis PEPC has Leu (L) and Ala (A) residues
instead of the two consecutive His (HH) residues that are in the
Cy-form of the maize PEPC (Fig. 2a). An analysis of the extracts
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Z. mays (C,) MASTKAPGPGEKHHSIDAQLR-
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F. bidentis (C,) MANRNVEKLASIDAQLR~-
antigen gcPGEKHHSIDAQLR
B
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-+ -+ -+ PEPC-PK
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E }2_—¥ PC4 antibody
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WT  kd WT  kd PEPC-PK (in vivo)
DL LL DL L L Sampling (flaveria)

- e O , PNB antibody

- e epab@benapes PEPC antibody

Fig. 2 The specificities of two antibodies. (a) N-terminal amino acid sequences of three isoforms (C,4-, Cs-, and
root-forms) of maize (Z. mays) and the C,-form of Flaveria (F. bidentis) PEPCs in which the Ser residues (under-
lined) involved in regulatory phosphorylation are indicated. The amino acid sequence of the peptide used as an
antigen is also provided. The sequence from Pro® to Arg?' was taken from the C,-form of the maize PEPC. The
Gly and Cys residues (lowercase letters) were attached to the N-terminal side for the crosslinking with carrier
proteins. The amino acid residues absent in the antigen sequence are in gray. (b) The PC4 antibody specifically
recognized the phosphorylated C,-form of the maize PEPC, even when Lys'? was replaced with Asn (K12N).
Using the partially purified PEPC-PK, the wild-type (WT) and the K12N and S15D recombinant C,-forms of the
maize PEPC (ZmC4PEPC) were phosphorylated in vitro (+), followed by immunodetection. (—) refers to the
negative control (i.e., no PEPC-PK). (¢) Missing signals for the PNB antibody in the transgenic Flaveria plants
lacking PEPC-PK. The results indicate that PEPC-PK contributes to the phosphorylation of PEPC in vivo. Leaves
of two independent transgenic lines of Flaveria in which the PEPC-PK gene is knocked down (kd), and wild-
type (WT) plants were collected at midnight in darkness (D) or at midday under light (L). The extracts were
rephosphorylated in vitro with (+) or without (—) recombinant Flaveria PEPC-PK, followed by the immunode-
tection involving the PNB and PEPC antibodies. The Western blots were reprinted with permission from refs.
[11] (b) and [15] (c) after modifications
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3.9 Examples of the
Application of the Two
Generated Antibodies

3.9.1 Anti-
phosphopeptide (PC4)
Antibody

3.9.2 Anti-
phosphonopeptide (PNB)
Antibody

from leaves incubated under light and dark conditions revealed
that the PNB antibody reacts with the PEPC phosphorylated
in vitro or extracted from the illuminated leaves of wild-type flave-
ria (Fig. 2¢) [15]. These results suggest that the antibody specifi-
cally recognizes a phosphorylated Ser residue, and the pSIDAQLR
sequence is sufficient for the recognition. Because the pSIDAQLR
sequence is highly conserved in the PEPCs of diverse vascular plant
species, the PNB antibody is useful for detecting phosphorylated
PEPCs from various plant species (see Note 28).

On the basis of its specificity, the PC4 antibody can be used to inves-
tigate the dynamic phosphorylation of the Cy-form of the maize
PEPC in response to environmental cues. The diurnal changes in the
phosphorylation of the C,-form of the maize PEPC have been con-
firmed by Western (Fig. 3a) and dot blot (Fig. 3b) analyses [11].
The dot blot results indicate that the PEPC is highly phosphorylated
during the day, but is almost dephosphorylated at night.

Although regulatory phosphorylation was thought to be catalyzed
by a unique protein kinase, PEPC-PK [5, 6, 25, 26], the physio-
logical significance of PEPC phosphorylation remained unclear.
Additionally, other candidate protein kinases were revealed to
phosphorylate PEPC in vitro [27]. The PNB antibody was used to
demonstrate that PEPC is not phosphorylated in transgenic flave-
ria plants lacking PEPC-PK, implying PEPC-PK contributes to the
phosphorylation of the C;-form of PEPC in vivo, at least under
normal growth conditions (Fig. 2¢) [15]. One of the criticisms of
such a study is that relatively low signals for the PNB antibody are
not due to dephosphorylation, but are caused by the possible trun-
cation of the N-terminus of PEPC. To examine this possibility, the
PEPC in crude extracts were phosphorylated by PEPC-PKin vitro,
which increased the intensity of the PNB antibody signals, thereby
confirming the N-terminus of PEPC is intact (Fig. 2c¢).

4 Notes

1. Although the methods introduced here were established based
on Zea mays inbred line H84, they may essentially be applica-
ble to other materials.

2. The large-scale extraction method has worked well for decades
and is useful for various applications, including immunoassays,
enzyme activity assays, and analyses of large samples (e.g.,
0.5 kg leaves or more). The micro-scale extraction method
enables the rapid handling of many samples and small sample
amounts.

3. Buffer components were considered regarding PEPC stability
and the cost and availability of reagents decades ago. The buf-
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Fig. 3 Example of a semiquantitative dot blot assay involving the PC4 antibody. In a previous study [11], the
diurnal phosphorylation of the C,-form of the maize PEPC was monitored. The following description is directly
from the cited reference, and has been reprinted with permission. Samples were prepared from 13-week-old
(17 July) maize plants grown in the field and subjected to Western (a) and dot blot (b, ¢) analyses. Samples of
each crude extract (16 pg protein) were loaded in lanes 2-5 and 1 pg of recombinant wild-type C,-form PEPC
of maize was loaded in lane 1 as a control (a). The amount of loaded protein is indicated above the dot blots
(b, ¢). Each membrane was blocked with casein and probed with PC4 (a, b) or PEPC (¢) antibodies. Sunrise

occurred at about 05:00 h

fers may be altered based on the current research environ-
ment. Additionally, the buffer composition depends on each
plant material being studied. For example, soluble polyvinyl-
pyrrolidone is highly effective for the extraction of the PEPC
from Eleocharis vivipara [28], whereas its advantages over
other materials for the extraction of PEPC from maize have

not been shown.
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4.

10.

11.

12.
13.

14.

If the extract is used directly in the phosphorylation reaction,
take care that EDTA is carried over.

Ethylene glycol stabilizes PEPC [29].

. Dithiothreitol (DTT) is an alternative option. If it is used, it

should be freshly added for a final concentration of 1-10 mM.

. Because the N-terminal region containing the phosphorylation

site of maize PEPC is readily truncated, precautions should be
taken to prevent proteolysis. For example, benzamidine—-HCI
and PMSF can be used as protease inhibitors. Alternatively,
commercially available protease inhibitor cocktails can be used.
A 100 mM stock PMSF solution prepared in ethanol should be
stored at —20 °C, and then added fresh to the working solution
because its half-life in aqueous solutions is 30 min. However,
the N-terminal of most of the PEPCs in the crude extract is
proteolyzed following a 1-h incubation at room temperature,
even in the presence of protease inhibitors. Consequently, in
addition to the use of protease inhibitors and the completion of
the experiment at low temperatures, samples should be pro-
cessed as quickly as possible. Moreover, PEPC is considerably
more stable in an ammonium sulfate suspension.

Precautions should also be taken to prevent the dephosphory-
lation by various phosphatases liberated after cells are dis-
rupted. Phosphate and fluoride are inhibitory to phosphatases.
Alternatively, commercially available phosphatase inhibitor
cocktails may be used.

Precautions should be taken to prevent proteolysis (se¢ Note
7). Denaturing detergents, such as SDS, should not be used
because PEPCs are apparently more susceptible to proteolysis
if the extraction buffer contains 0.1% SDS.

In this method, samples should be quickly loaded onto gels.
Therefore, the SDS-PAGE system should be prepared in
advance, if ammonium sulfate fractionation is not performed.

The PEPC-PK activity in vitro is sensitive to high salt concen-
trations [ 6]. Specifically, the addition of 50 and 100 mM NaCl
to the reaction mixture decreases the activity to 50% and 25%,
respectively. The optimum pH range for PEPC-PK is 7-8.

The PEPC-PK activity is quite sensitive to oxidization [6].

Because of'its relatively large volume, the PEPC solution [pH,
salts, Mg?* (EDTA), reducing agents, and protease inhibitors]
affects the composition of the reaction solution. Therefore,
the composition of the PEPC solution should be noted.
Additionally, PEPC-PK does not phosphorylate heat-dena-
tured PEPC polypeptides [6].

Because the Cy-form of the maize PEPC can be phosphory-
lated at the regulatory phosphorylation site Ser'® by mamma-
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
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lian cyclic AMP-dependent protein kinase (PK-A) [30, 31],
commercially available PK-A may be alternatively used,
although the buffer components and reaction conditions
should be reconsidered.

The optimum concentrations of ATP and MgCl, for the
PEPC-PK-catalyzed reaction are 0.1 mM and 1-3 mM,
respectively.

Although skim milk works well, commercially available block-
ing reagents (e.g., Blocking ONE, Nacalai) are also useful.

It is critical that the disrupted leaves remain frozen before they
are added to the liquid extraction buffer.

If the weight of the leat' material is 10 g or less, the procedure
involving liquid nitrogen (described later) is appropriate.

For relatively small sample volumes, a single layer (100 pm) is
sufficient or the filtration step may be eliminated because the
aim of filtration is to remove excess debris.

It is critical that the procedure (steps 6-10) is completed
within 30 min (see Note 7). Ten samples need approximately
15 min. Therefore, no more than 20 samples should be pro-
cessed simultaneously.

If necessary, divide each plant material prior to storage (e.g.,
for other applications or reproducibility tests). The protein in
the crude liquid extract is unstable. In contrast, the protein is
more stable in frozen intact cells stored in a deep freezer.

The sudden freezing of a warm (at room temperature) adapter
tube holder in liquid nitrogen tends to result in cracks.

For the direct analysis by SDS-PAGE (procedure described
carlier), the supernatant recovery volume should be twice the
volume of the 3x gel loading buffer. The remaining solution
(not subjected to SDS-PAGE) is discarded. In contrast, for the
ammonium sulfate fractionation (procedure described later),
the supernatant recovery volume is not restricted. In fact, a
large volume is ideal because the ammonium sulfate precipita-
tion procedure concentrates and stabilizes proteins.

The optimum temperature for PEPC-PK is 20-30 °C. Lower
temperatures may be appropriate (50% activity at 4 °C), but
higher temperatures should be avoided (0% activity at 40 °C).
Samples fractionated by ammonium sulfate are favorable for
dot blot analysis.

Because the dot blot assay provides no information regarding
protein size, independently complete the Western blot analy-
sis, if necessary.

Desalting is not required for dot blotting.
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28. The amino acid sequence around the phosphorylation site,
which is conserved among most PEPCs of vascular plants, is
(E/D)(K/R)xySIDAQLR, where xy denotes a variety of two
amino acid residues [2, 4, 9]. Although the affinity of the PNB
antibody is highest for the C,-form of the maize PEPC, the
antibody can also bind to the phosphorylated PEPCs of
Flaveria bidentis [15] and the following plant species:
Amaranthus cruentus [16), Amaranthus hypochondriacus
[17], Oryza sativa [18], Leersia japonica [18], Isachne globosa
[18], Panicum bisulcarum [18], Triticum aestivum [18],
Hordeuwm vulgarve [18], Helianthus annuus [18], Cucumis
sativus [18], Cucurbita maxima [18], Nicotiana tabacum
[18], Solanum melongena [18], Pisum sativum [18], Glycine
max [18], Arabidopsis thaliana [18], Agapanthus africanus
[18], Lotus japonicus [18], and Medicago truncatuln [18].
Thus, the PNB antibody seems to have a wider applicability
than the PC4 antibody. Future studies should assess whether
the antigenicity of the phosphono residue is far stronger than
that of the phospho residue. If it is, the contributions of the
variable amino acid residues denoted earlier as x and y in the
epitope may be relatively small. A previous study revealed that
the production of a phosphorylation-specific antibody for p53
was successful when a phosphonopeptide was used, but not
when a phosphopeptide was used [20]. Thus, phosphonopep-
tides are potentially applicable as alternative antigens for pro-
ducing phosphorylation-specific antibodies.
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