Methaas in Molecular Bialagy™

VOLUME 236

Plant Funetional

€5

Ldited by
Frich Crotewala

\ < T UMANA 1PRESS



An Improved Method for Plant BAC
Library Construction

Meizhong Luo and Rod A. Wing

Summary

Large genomic DNA insert-containing libraries are required as critical tools for physical
mapping, positional cloning, and genome sequencing of complex genomes. The bacterial arti-
ficial chromosome (BAC) cloning system has become a dominant system over others to clone
large genomic DNA inserts. As the costs of positional cloning, physical mapping, and genome
sequencing continuously decrease, there is an increasing demand for high-quality deep-
coverage large insert BAC libraries. In our laboratory, we have constructed many high-quality
deep-coverage large insert BAC libraries including arabidopsis, manocot and dicot crop plants,
and plant pathogens. Here, we present the protocol used in our laboratory to construct BAC
libraries.
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1. Introduction

Large genomic DNA insert-containing libraries are essential for physical
mapping, positional cloning, and genome sequencing of complex genomes.
There are two principal large insert cloning systems that are constructed as
yeast or bacterial artificial chromosomes (YACs and BACs, respectively). The
YAC cloning (1) was first developed in 1987 and uses Saccharomyces
cerevisiae as the host and maintains large inserts (up to 1 Mb) as linear mol-
ecules with a pair of yeast telomeres and a centromere. Although used exten-
sively in the late 1980s and early 1990s, this system has several disadvantages
(2,3). The recombinant DNA in yeast can be unstable. DNA manipulation is
difficult and inefficient. Most importantly, a high level of chimerism, the clon-
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ing of two or more unlinked DNA fragments in a single molecule, is inherent
within the YAC cloning system. These disadvantages impede the utility of
YAC libraries, and subsequently, this system has been gradually replaced by
the BAC cloning system introduced in 1992 (4).

The BAC cloning uses a derivative of the Escherichia coli F-factor as vector
and E. coli as the host, making library construction and subsequent downstream
procedures efficient and easy to perform. Recombinant DNA inserts up to 200
kb can be efficiently cloned and stably maintained in E. coli. Although the
insert size cloning capacity is much lower than that of the YAC system, it is this
limited cloning capacity that helps to prevent chimerism, because the inserts
with sizes between 130-200 kb can be selected, while larger inserts, composed
of two or more DNA fragments, are beyond the cloning capacity of the BAC
system or are much less efficiently cloned.

In 1994, our laboratory was the first to construct a BAC library for plants
using Sorghum bicolor (5). Since then, we have constructed a substantial num-
ber of deep coverage BAC libraries, including Arabidopsis (6), rice (7), melon
(8), tomato (9), soybean (10), and barley (11) and have provided them to the
community for genomics research ([http://www.genome.arizona.edu] and
[http://www.genome.clemson.edu]).

The construction of a BAC library is quite different from that of a general
plasmid or A DNA library used to isolate genes or promoter sequences by posi-
tive screening. Megabase high molecular weight DNA is required for BAC
library construction. Because individual clones of the BAC library will be
picked, stored, arrayed on filters, and directly used for mapping and sequenc-
ing, a BAC library with a small average insert size and high empty clone (no
inserts) rate will dramatically increase the cost and labor for subsequent work.
Usually, a BAC library with an average insert size smaller than 130 kb and
empty clone rate higher than 5% is unacceptable. These strict requirements
make BAC library construction much more difficult than the construction of a
general DNA library.

As the costs of positional cloning, physical mapping, and genome sequenc-
ing continuously decrease, so increases the demand for high-quality deep-
coverage large insert BAC libraries (12). As a consequence, we describe in this
chapter how our laboratory constructs BAC libraries.

Several protocols have been published for the construction of high quality
plant and animal BAC libraries (13-18), including three from our laboratory
(16-18). We improved on these methods in several ways (8). First, to easily
isolate large quantities of single copy BAC vector, pIndigopBAC536 (see Note
1) was cloned into a high copy cloning vector, pPGEM-4Z. This new vector,
designated pCUGIBACT (Fig. 1), replicates as a high copy vector and can be
isolated in large quantity using standard plasmid DNA isolation methods. It
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pIndigoBACS36 (7.5 kb)
pGEM-4Z (2.75 kb)

Fig. 1. pPCUGIBACI. Not drawn to scale.

retains all three unique cloning sites (Hindlll, EcoRI, and BamHI), as well as
the two Notl sites flanking the cloning sites, of the original pIndigoBAC536.
Second, to improve the stability of megabase DNA and size-selected DNA
fractions in agarose, as well as digested dephosphorylated BAC vectors, we
determined that such material can be stored indefinitely in 70% ethanol at
—20°C and in 40-50% glycerol at —80°C, respectively.

The vector has been distributed to many users worldwide, and the high
molecular weight DNA preservation method, established by Luo et al. (8), has
been extensively used by colleagues and visitors and shown to be very effi-
cient (18). These improvements and protocols described here save on resources,
cost, and labor, and also release time constraints on BAC library construction.

2. Materials, Supplies, and Equipment
2.1. For pCUGIBACT Plasmid DNA Preparation
1. pCUGIBACI (http://www.genome.clemson.edu).
2. LB medium; 10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L. NaCl.
3. Ampicillin and chloramphenicol (Fisher Scientific).
4. Qiagen plasmid midi kit (Qiagen).
5. Thermostat shaker (Barnstead/Thermolyne).

2.2. For BAC Vector pIndigoBAC536 Preparation
2.2.1. For Method One

1. Restriction enzymes (New England Biolabs).
2. HK phosphatase, Tris-acetate (TA) buffer, 100 mM CaCl,, ATP, T4 DNA ligase
(Epicentre).
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Agarose and glycerol (Fisher Scientific).

10x Tris-borate EDTA (TBE) and 50x Tris-acetate EDTA (TAE) buffer (Fisher
Scientific).

1 kb DNA ladder (New England Biolabs).

Ethidium bromide (EtBr) (10 mg/mL).

A DNA (Promega).

Water baths.

CHEF-DR III pulse field gel electrophoresis system (Bio-Rad).
Dialysis tubing (Spectra/Por2 tubing, 25 mm; Spectrum Laboratories).
Model 422 electro-eluter (Bio-Rad).

Minigel apparatus Horizon 58 (Whatman).

UV transilluminator.

2.2.2. For Method Two

1.

NN LN

b

11.
12.
13.
14.

2.3.

kR we

Restriction enzymes and calf intestinal alkaline phosphatase (CIP) (New England
Biolabs).

0.5 M EDTA, pH 8.0.

Absolute ethanol, agarose, and glycerol (Fisher Scientific).
T4 DNA ligase (Promega).

10x TBE and 50x TAE buffer (Fisher Scientific).

1 kb DNA ladder.

EtBr (10 mg/mL).

A DNA.

Water baths.

CHEF-DR III pulse field gel electrophoresis system.
Dialysis tubing (Spectra/Por2 tubing, 25 mm).

Model 422 electro-eluter.

Minigel apparatus Horizon 58.

UV transilluminator.

For Preparation of Megabase Genomic DNA Plugs from Plants

Nuclei isolation buffer (NIB): 10 mM Tris-HCI, pH 8.0, 10 mM EDTA, pH 8.0,
100 mM KCl, 0.5 M sucrose, 4 mM spermidine, 1| mM spermine.

NIBT: NIB with 10% Triton® X-100.

NIBM: NIB with 0.1% p-mercaptoethanol (add just before use).

Low melting temperature agarose (FMC).

Proteinase K solution: 0.5 M EDTA, 1% N-lauroylsarcosine, adjust pH to 9.2
with NaOH; add proteinase K to 1 mg/mL before use.

50 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma) stock solution (prepared
in ethanol or isopropanol).

T1oE 19 (10 mM Tris-HCI and 10 mM EDTA, pH 8.0) and TE (10 mM Tris-HC1
and 1 mM EDTA, pH 8.0).

. Mortars, pestles, liquid nitrogen, 1-L flasks, cheese cloth, small paintbrush, and

Pasteur pipet bulbs.
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9. 50-mL Falcon® tubes (Fisher Scientific) and miracloth (Calbiochem-
Novabiochem).
10. Plug molds (Bio-Rad).
11. GS-6R centrifuge (Beckman).
12. Model 230300 Bambino hybridization oven (Boekel Scientific).

2.4. For Preparation of High Molecular Weight Genomic
DNA Fragments

2.4.1. For Pilot Partial Digestions

Restriction enzymes and BSA (Promega).

40 mM Spermidine (Sigma) and 0.5 M EDTA, pH 8.0.

A Ladder pulsed field gel (PFG) marker (New England Biolabs).
Agarose and 10x TBE.

EtBr (10 mg/mL).

Razor blades, microscope slides, and water baths.

CHEF-DR III pulse field gel electrophoresis system.

UV transilluminator.

EDAS 290 image system (Eastman Kodak).

A SR I S

2.4.2. For DNA Fragment Size Selection

Restriction enzymes and BSA.

40 mM spermidine and 0.5 M EDTA, pH 8.0.

A Ladder PFG marker.

Agarose and 10x TBE.

Low melting temperature agarose.

EtBr (10 mg/mL) and 70% ethanol.

Razor blades, microscope slides, water baths, and a ruler.
CHEF-DR III pulse field gel electrophoresis system.

UV transilluminator.

EDAS 290 image system.
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. For BAC Library Construction
.1. For DNA Ligation

T4 DNA ligase and A DNA.

Agarose and 1x TAE buffer.

EtBr (10 mg/mL).

Dialysis tubing (Spectra/Por2 tubing, 25 mm) or Model 422 electro-eluter.
Minigel apparatus Horizon 58.

UV transilluminator.

Water baths.

0.1 M Glucose/1% agarose cones: melt 0.1 M glucose and 1% agarose in water,
dispense 1 mL to each 1.5-mL microcentrifuge, insert a 0.5-mL microcentrifuge

N
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into each 1.5-mL microcentrifuge containing 0.1 M glucose and 1% agarose, af-
ter solidification, pull out the 0.5-mL microcentrifuges.

2.5.2. For Test Transformation

P NN

DHI10B T1 phage-resistant cells (Invitrogen).

SOC: 20 g/L bacto-tryptone, 5 g/L. bacto-yeast extract, 10 mM NaCl, 2.5 mM
KCl, autoclave, and add filter-sterilized MgSO, to 10 mM, MgCl, to 10 mM, and
glucose to 20 mM before use.

100-mm diameter Petri dish agar plates containing LB with 12.5 ug/mL of
chloramphenicol, 80 ug/mL of x-gal (5-bromo-4-chloro-3-indolyl--D-
galactoside or 5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside [X-gal]) and
100 ug/mL of IPTG isopropyl-B-D-thiogalactoside or isopropyl--D thiogalacto-
pyranoside.

15-mL culture tubes.

Thermostat shaker.

Electroporator (cell porator; Life Technologies).

Electroporation cuvettes (Whatman).

37°C incubator.

2.5.3. For Insert Size Estimation
2.5.3.1. ForR BAC DNA IsOLATION

1.

Nk

LB with 12.5 ug/mL chloramphenicol.
Isopropanol and ethanol.

P, P,, and P; buffers from plasmid kits (Qiagen).
15-mL culture tubes.

Thermostat shaker.

Microcentrifuge.

2.5.3.2. For BAC INSERT SizE ANALYSIS

N =

A

Notl (New England Biolabs).

DNA loading buffer: 0.25% (w/v) bromophenol blue and 40% (w/v) sucrose in
TE, pH 8.0.

MidRange I PFG molecular weight marker (New England Biolabs).

Agarose, 0.5x TBE buffer, and EtBr (10 mg/mL).

37°C water bath or incubator.

CHEF-DR III pulse field gel electrophoresis system.

UV transilluminator.

EDAS 290 image system.

2.5.4. For Bulk Transformation, Colony Array, and Library
Characterization

1.

Freezing media: 10 g/L bacto-tryptone, 5 g/L. bacto-yeast extract, 10 g/L. NaCl,
36 mM K,HPO,, 13.2 mM KH,PO,, 1.7 mM Na-citrate, 6.8 mM (NH4),SOy,
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4.4% glycerol, autoclave, and add filter-sterilized MgSO, stock solution to 0.4
mM.
384-well plates and Q-trays (Genetix).

2.

3. Toothpicks (hand picking) or Q-Bot (Genetix).
3. Methods
3.1. Preparing pCUGIBACT Plasmid DNA

1. Inoculate a single well-isolated E. coli clone harboring pPCUGIBACI in LB con-
taining 50 mg/L of ampicillin and 12.5 mg/L of chloramphenicol and grow at
37°C for about 20 h with continuous shaking.

2. Prepare pPCUGIBACI plasmid DNA using the plasmid midi kit according to the
manufacturer’s instruction, except that after adding solution P,, the sample was
incubated at room temperature for not more than 3 min instead of 5 min (see
acknowledgments). Each 100 mL of culture yields about 100 ug of plasmid DNA
when using a midi column.

3.2. Preparing BAC Vector, pindigoBAC536
3.2.1. Method One

1. Setup 4-6 restriction digestions, each digesting 5 ug pPCUGIBACI plasmid DNA
(with HindlIll, EcoRI, or BamHI depending on which enzyme is selected for BAC
library construction) in 150 uLL 1x TA buffer at 37°C for 2 h. Check 1 uL ona 1%
agarose minigel to determine if the plasmid is digested.

2. Heat the digestions at 75°C for 15 min to inactivate the restriction enzyme.

3. Add 8 uL of 100 mM CaCl,, 1.5 uL of 10x TA buffer, and 5 uL of HK phos-
phatase, and incubate the samples at 30°C for 2 h.

4. Heat the samples at 75°C for 30 min to inactivate the HK phosphatase.

5. Add 6.4 uL of 25 mM ATP, 5 uL of 2 U/uL T4 DNA ligase, and 1.3 uL of 10x
TA buffer, incubate at 16°C overnight for self-ligation.

6. Heat the self-ligations at 75°C for 15 min.

7. Combine the samples and run the combined sample in a single well, made by
taping together several teeth of the comb according to the sample vol, on a 1%
CHEEF agarose gel at 1-40 s linear ramp, 6 V/cm, 14°C in 0.5x TBE buffer along
with the 1 kb ladder loaded into the wells on the both sides of the gel as marker
for 16—18 h.

8. Stain the two sides of the gel containing the marker and a small part of the sample

with 0.5 ug/mL EtBr and recover the gel fraction containing the 7.5-kb
pIndigoBAC536 DNA band from the unstained center part of the gel by aligning
it with the two stained sides. Undigested circular plasmid DNA and non-
dephosphorylated linear DNA that has recircularized or formed concatemers
after self-ligation should be reduced to an acceptable level after this step. Figure
2 shows a gel restained with 0.5 ug/mL EtBr after having recovered the gel frac-
tion containing the 7.5-kb pIndigoBAC536 vector. The 2.8-kb band is the pGEM-
47 vector.
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Fig. 2. Recovering linearized dephophorylated 7.5-kb pIndigoBAC536 vector from
a CHEF agarose gel. See text for details.

10.

1.

12.

Electroelute pIndigoBAC536 from the agarose gel slice in 1x TAE buffer at 4°C.
Either dialysis tubing (19) or the Model 422 electro-eluter can be used (18).
Estimate the DNA concentration by running 2 uL of its dilution along with 2 uL.
of each of serial dilutions of A DNA standards (1, 2, 4, and 8 ng/uL) on a 1%
agarose minigel containing 0.5 ug/mL EtBr (for 10 min) and comparing the
images under UV light, or simply by spotting a 1-uL dilution along with 1 uL of
each of serial dilutions of A DNA standards (1, 2, 4, and 8 ng/uL.) on a 1% agar-
ose plate containing 0.5 ug/mL EtBr and comparing the images under UV light
after being incubated at room temperature for 10 min.

Adjust DNA concentration to 5 ng/uLL with glycerol (final glycerol concentration
40-50%), aliquot into microcentrifuge tubes, and store the aliquots at —80°C.
Use each aliquot only once.

Test the vector quality by cloning A DNA fragments digested with the same re-
striction enzyme as used for vector preparation. Prepare a sample without the A
DNA fragments as the self-ligation control. For ligation, transformation, and in-
sert check, follow the protocols in Subheading 3.5. for BAC library construc-
tion, except that inserts are checked on a standard agarose gel instead of a CHEF
gel. Colonies from the ligation with the A DNA fragments should be at least 100
times more abundant than those from the self-ligation control. More than 95% of
the white colonies from the ligation with the A DNA fragments should contain
inserts.
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3.2.2. Method Two

1.

Set up 4-6 digestions, each digesting 5 ug pCUGIBACI plasmid DNA (with
HindIIl, EcoRI, or BamHI depending on which enzyme is selected for BAC
library construction) in 150 uLL 1x restriction buffer at 37°C for 1 h. Check 1 uL
on a 1% agarose minigel to see if the plasmid is digested.

Add 1 U of CIP and incubate the samples at 37°C for an additional 1 h (see Note
2).

Add EDTA to 5 mM and heat the samples at 75°C for 15 min.

Precipitate DNA with ethanol, wash it with 70% ethanol, air-dry, and add: 88
uL of water, 10 uL. of 10x T4 DNA ligase buffer, and 2 uL. of 3 U/uL T4 DNA
ligase.

. Incubate the samples at 16°C overnight for self-ligation. Then follow steps 6-12

of Method One (Subheading 3.2.1.).

3.3. Preparing Megabase Genomic DNA Plugs from Plants (see [18] for
alternatives) (see Note 3)

1.

10.

1.

12.
13.

Young seedlings of monocotyledon plants, such as rice and maize, and young
leaves of dicotyledon plants, such as melon, are used fresh or collected and stored
at —80°C.

Grind about 100 g of tissue in liquid N, with a mortar and a pestle to a level that
some small tissue chunks can be still seen (see Note 4).

Divide and transfer the ground tissue into two 1-L flasks, each containing 500
mL of ice-cold NIBM (1 g tissue/10 mL).

Keep the flasks on ice for 15 min with frequent and gentle shaking.

Filter the homogenate through four layers of cheese cloth and one layer of
miracloth. Squeeze the pellet to allow maximum recovery of nuclei-containing
solution.

Filter the nuclei-containing solution again through one layer of miracloth.

Add 1:20 (in vol) of NIBT to the nuclei-containing solution and keep the mixture
on ice for 15 min with frequent and gentle shaking.

. Transfer the mixture into 50-mL Falcon tubes. Centrifuge the tubes at 2400g at

4°C for 15 min.

Gently resuspend the pellets in the residual buffer by tapping the tubes or with a
small paintbrush.

Dilute the nucleus suspension with NIBM and combine it into two 50-mL Falcon
tubes. Adjust the vol to 50 mL with NIBM in each tube and centrifuge the tubes
at 2400g at 4°C for 15 min.

Resuspend the pellets as in step 9. Dilute the nucleus suspension with NIBM and
combine it into one 50-mL Falcon tube. Adjust the vol to 50 mL with NIBM and
centrifuge it at 2400g at 4°C for 15 min.

Remove the supernatant and gently resuspend the pellet in approx 1.5 mL of NIB.
Incubate the nucleus suspension at 45°C for 5 min. Gently mix it with an equal
vol of 1% low melting temperature agarose, prepared in NIB and pre-incubated
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at 45°C, by slowly pipeting 2 or 3 times. Transfer the mixture to plug molds and
let stand on ice for about 30 min to form plugs.

Tranfer <50 agarose plubs into each 50-mL Falcon tube, containing 40 mL of
proteinase K solution, with a Pasteur pipet bulb.

Incubate the tubes in a hybridization oven (e.g., Model 230300 Bambino hybrid-
ization oven) at 50°C with a gentle rotation for about 24 h.

Repeat step 15 with fresh proteinase K solution.

Wash the plugs, each time for about 1 h at room temperature with gentle shaking
or rotation, twice with T4E;, containing 1 mM PMSF and twice with TE (40 mL
each time for each 50-mL Falcon tube containing <50 plugs).

Store the plugs in TE buffer at 4°C (for frequent use) or rinse them with 70%
ethanol and store in 70% ethanol (40 mL for each 50-mL Falcon tube containing
<50 plugs) at —20°C (for long-term storage) (see Note 5).

Preparing High Molecular Weight Genomic DNA Fragments
1. Pilot Partial Digestions

. Soak required number (e.g., 4 plugs) of TE-stored plugs in sterilized distilled

water (more than 20 vol) for 1 h before partial digestion. For ethanol-stored plugs,
transfer required number of 70% ethanol-stored plugs into TE buffer or directly
into sterilized distilled water (more than 20 vol) at 4°C the day before use (see
Note 6) and soak them in sterilized distilled water (more than 20 vol) for 1 h before
partial digestion.

Dispense 45 uL of buffer mixture (24.5 uL of water, 9.5 uL of 10x restriction
enzyme buffer, 1 uL of 10 mg/mL bovine serum albumin BSA, and 10 uL of 40
mM spermidine) into each of an ordered serial set (e.g., Nos. 1-8) of micro-
centrifuge tubes. Keep the microcentrifuge tubes on ice.

Chop each half DNA plug to fine pieces with a razor blade on a clean microscope
slide (assume each half DNA plug has a vol of 50 uL) and transfer these pieces
into a microcentrifuge tube containing 45 uL of restriction enzyme buffer on ice
with a spatula. Mix by tapping and incubate on ice for 30 min.

Make serial dilutions of restriction enzyme (HindIll, EcoRI, or BamHI, depend-
ing on which enzyme is selected for BAC library construction) with 1x restric-
tion enzyme buffer (e.g., 0.4, 0.8, 1.2, 1.6, 2.0, and 2.4 U/uL).

Add 5 uL of one enzyme dilution to each of the microcentrifuge tube in step 3.
Set up an uncut control, by not adding any enzyme, and a completely cut control,
by adding 50-60 U of enzyme. Mix by tapping and incubate on ice for 30 min to
allow for diffusion of the enzyme into the agarose matrix.

Incubate the microcentrifuge tubes in a 37°C water bath for 40 min.

Add 10 uL of 0.5 M EDTA, pH 8.0, to each microcentrifuge tube. Mix by tapping
and incubate on ice for at least 10 min to terminate the digestions.

. Prepare a 14 x 13 cm CHEF agarose gel by pouring 130 mL of 1% agarose (in

0.5x TBE buffer) at about 50°C into a 14 x 13 cm gel casting stand (Bio-Rad).
Use two 15-well 1.5-mm-thick combs (Bio-Rad) bound together with tape for the
samples. Set aside several milliliters of 1% agarose (in 0.5x TBE buffer) at 65°C.
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Fig. 3. Partial digestions of DNA plugs with serial dilutions of HindIlI at 37°C for
40 min. DNA was separated on 1% CHEF agarose gel at 1-50 s linear ramp, 6 V/cm,
14°C in 0.5x TBE buffer for 20 h. The marker used is A ladder PFG.

10.
11.

Load each sample from step 7 into the center wells of the agarose gel with a
spatula. Load the A ladder PGF marker into the wells on the two sides of the gel.
Seal the wells with the 1% agarose reserved at 65°C.

Run the gel at 1-50 s linear ramp, 6 V/cm, 14°C in 0.5x TBE buffer for 18-20 h.
Stain the gel with 0.5 ug/mL EtBr and take a photograph (see Note 7). Figure 3
shows an example for the partial digestions of DNA plugs with serial dilutions of
HindIII at 37°C for 40 min.

3.4.2. DNA Fragment Size Selection

5-7.

Soak required number of plugs (e.g., 6 plugs) as in Subheading 3.4.1., step 1.
Prepare a buffer mixture and dispense it into a set of microcentrifuge tubes (12
microcentrifuge tubes for 6 plugs) as in Subheading 3.4.1., step 2.

Chop each half plug and treat the chopped plug pieces as in Subheading 3.4.1.,
step 3.

Make the restriction enzyme dilution that produced the most DNA fragments in
the range of 100-400 kb in the pilot partial digestion. For the batch of DNA plugs
used in Fig. 3, 0.8 U/uL HindllI dilution (4 U of HindllI per half plug when 5 uL.
is used) was used for DNA fragment preparation.

Follow Subheading 3.4.1., steps 5-7, except that 5 uL of the same enzyme dilu-
tion prepared in step 4 is added to each of the microcentrifuge tubes in step 3.
Prepare a 14 x 13 cm CHEF agarose gel by pouring 130 mL of 1% agarose in
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Fig. 4. An example for the first size selection of genomic DNA fragments. (A)
Staining the two sides of the gel and taking a photograph with a ruler. (B) Recovering
two gel fractions from the unstained center part of the gel corresponding to 150-250
and 250-350 kb located by a ruler.

10.
11.
12.

13.

14.
15.

16.

0.5x TBE buffer at about 50°C into a 14 x 13 cm gel casting stand. Use a trimmed
comb made by taping together several teeth of two 15-well 1.5-mm-thick combs
to make a single well for the sample according to the sample vol.

Load the samples from step 7 into the well with a spatula. Load the A ladder PFG
marker into the individual wells on the two sides of the gel. Seal the wells with
1% agarose in 0.5x TBE buffer maintained at 65°C.

Run the gel at 1-50 s linear ramp, 6 V/cm, 14°C in 0.5x TBE buffer for 18-20 h.
Stain the two sides of the gel containing the marker and a small part of the sample
with 0.5 ug/mL EtBr and take a photograph with a ruler at one side (Fig. 4A).
Recover two gel fractions (first size-selected fractions: a and b) from the
unstained center part of the gel corresponding to 150-250 and 250-350 kb
located by a ruler (Fig. 4B).

Place the two gel fractions side by side (with a gap between them) on the top of a
14 x 13 cm gel casting stand with the orientation the same as in the original gel in
step 12. Pour 130 mL of 1% agarose in 0.5x TBE at about 50°C into the gel
casting stand to form a second gel encasing the two gel factions.

Run the gel at 4 s constant time, 6 V/cm, 14°C in 0.5x TBE buffer for 18-20 h.
Stain the two sides with 0.5 ug/mL EtBr, each containing a small part of one of
the two first size-selected fractions, and the center part that contains the small
parts of both first size-selected fractions. Take a photograph with a ruler at one
side.

For each first size-selected fraction (a and b), recover two gel fractions (second
size-selected fractions: al and a2, and b1 and b2) located by a ruler (Fig. 5). Gel
fractions are used immediately or stored at —20°C in 70% ethanol (see Note 5).
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Fig. 5. An example for the second size selection of genomic DNA fragments.

3.5. BAC Library Construction
3.5.1. DNA Ligation

1.

Transfer required amount of each 70% ethanol-stored fraction (e.g., one-third to
one-half fraction) into 1x TAE buffer (more than 20 vol) at 4°C the day before
use (see Note 8).

Electroelute high molecular weight genomic DNA at 4°C from fresh gel frac-
tions or 1x TAE buffer soaked 70% ethanol-stored fractions in 1x TAE buffer.
Either dialysis tubing (20) or Model 422 electro-eluter (18) can be used. Eluted
DNA should be used as soon as possible (use it the same day it is eluted). Always
use pipet tips with the tips cut off when manipulating high molecular weight
genomic DNA to avoid mechanical shearing.

Estimate the DNA concentration by running 5 uL of the eluted DNA along with
2 uL of serial dilutions of A DNA standards (1, 2, 4, 8, and 16 ng/uL) on a 1%
agarose minigel containing 0.5 ng/mL EtBr (for 10 min) and comparing the im-
ages under UV light.

Set up ligations: in each microcentrifuge tube, add 4 uL of 5 ng/uL vector and 84
uL of DNA eluted in 1x TAE containing up to 200 ng of high molecular weight
genomic DNA fragments. If the eluted DNA has a high concentration, dilute it
with sterilized water. Incubate the vector—genomic DNA fragment mixture at
65°C for 15 min, cool at room temperature for about 10 min, and add 10 uL of
10x T, DNA ligase buffer and 2 uL of 3 U/uL T, DNA ligase. Incubate the
ligations at 16°C overnight.

Heat the ligations at 65°C for 15 min to terminate the ligation reactions.
Transfer ligation samples into 0.1 M glucose/1% agarose cones (see Subheading
2.5.1.) to desalt for 1.5 h on ice (20) or transfer ligation samples onto filters
(Millipore) floating on 5% polyethylene glycol (PEG)8000 in Petri dishes set on
ice for 1.5 h as modified from Osoegawa et al. (15). Store the ligations at 4°C for
not more than 10 d.
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3.5.2. Test Transformation

1. Thaw ElectroMax DH10B T, phage-resistant competent cells on ice and dispense
16 uL into prechilled microcentrifuge tubes on ice. Precool the electroporation
cuvettes on ice. Prepare SOC media and dispense 0.5 mL to each sterile 15-mL
culture tube. Label the microcentrifuge tubes, cuvettes, and culture tubes
coordinately.

2. Take 1 to 2 uL of ligated DNA from each ligation sample and mix it with the
competent cells by gentle tapping.

3. Transfer the DNA/competent cell mixture from each microcentrifuge tube into
precooled electroporation cuvettes. Electroporate on ice at 325 DC V with fast
charge rate at a low resistance (4 k€2) and a capacitance of 330 uF. We did not
find a significant difference when different DC V between 300-350 V were
applied.

4. Transfer the electroporated cells from each cuvette into sterile 15-mL culture
tubes containing 0.5 mL SOC. Incubate the cultures at 37°C for 1 h with vigorous
shaking.

5. Plate 20 and 200 uL of each culture on 100-mm diameter Petri dish agar plates
containing LB with 12.5 ug/mL of chloramphenicol, 80 ug/mL X-gal, and 100
ug/mL IPTG. Incubate the plates at 37°C overnight.

6. Count the white colonies and determine the number of recombinant clones per
microliter of ligation. This number, the genome size, and the required genome
coverage will be considered to decide if the experiment should be continued. For
example, 3 parallel 100 uL ligations of 100 white colonies/ulL with the expected
average insert size of 130 kb will result in about 9 genome coverages for rice
(genome size is 430 Mbp), but only 1.56 genome coverages for maize (genome
size is 2500 Mbp).

3.5.3. Insert Size Estimation
3.5.3.1. BAC DNA [sOLATION

Several automated methods, such as using an Autogen 740 (AutoGen) or
using a Quadra 96 (TomTec) can be used to isolate BAC DNA. A manuscript
for a detailed method for preparing BAC DNA with a Quadra 96 is in prepara-
tion by HyeRan Kim et al. Here we present a manual method adapted from the
Qiagen method.

1. Randomly pick white colonies with sterilized toothpicks and inoculate each into
2 mL of LB containing 12.5 ug/mL chloramphenicol in a sterile 15-mL culture
tube. Grow the cells at 37°C overnight with vigorous shaking.

2. Transfer each cell culture (about 1.5 mL) into a microcentrifuge tube and collect
cells at 16,000g (at room temperature or 4°C) for 10 min; remove supernatant.

3. Add 200 uL of Py. Mix the tubes with a vortex to resuspend pellets at room
temperature.
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4.

10.

Add 200 uL of P,. Mix the contents gently but thoroughly by inverting the tubes
3 to 4 times. Stand the tubes at room temperature for not more than 3 min.

Add 200 uL of P5. Mix the contents gently but thoroughly by inverting the tubes
3 to 4 times. Stand the tubes on ice for 15 min.

Centrifuge the samples at 16,000g (at room temperature or 4°C) for 30—40 min.
Carefully transfer about 550 uL of each supernatant to a new microcentrifuge
tube containing 400 uL of isopropanol. Mix the contents gently.

Centrifuge the samples at 16,000g (at room temperature or 4°C) for 30 min.
Remove the supernatant. Add 400 uL of 70% ethanol and centrifuge the samples
at 16,000g for 10 min to wash the DNA pellets.

Remove the supernatant carefully with a pipet. Air-dry the DNA pellets, and
resuspend in 60 uL of TE buffer, pH 8.0.

3.5.3.2. BAC INSERT SizE ANALYSIS

1.

b

Dispense 11 uL of NotI digestion mixture (8.85 uL of water, 1.5 uL of 10x buffer,
0.15 uL of 10 mg/mL BSA, and 0.5 uL of 10 U/uL Notl) into each micro-
centrifuge tube or each well of a 96-well microtiter plate.

Add 4 uL of BAC plasmid DNA to each tube or each well. Spin the samples
briefly. Incubate the samples at 37°C for 3 h. Dispense 3 uL of 6x DNA loading
buffer (21) into each tube or each well. Spin the samples briefly.

Prepare a 21 x 14 cm CHEF agarose gel by pouring 150 mL of 1% agarose in
0.5x TBE buffer at about 50°C into a 21 x 14 cm gel casting stand. Use a 45-well
1.5-mm-thick comb for the samples.

Load DNA samples. Use MidRange I as the size marker.

Run the gel at 5-15 s linear ramp, 6 V/cm, 14°C in 0.5x TBE buffer for 16 h.
Stain the gel with 0.5 ug/mL EtBr. Take a photograph of the gel. Analyze the
insert sizes.

3.5.4. Bulk Transformation, Colony Array, and Library Characterization

If the test colonies meet the requirement for average insert size and empty

vector rate, transform all ligated DNA into ElectroMax DH10B T, phage-
resistant competent cells. Pick individual colonies into wells of 384-well plates
containing freezing media manually or robotically (Q-Bot) and character-
ize the BAC library by insert size analysis of random clones. Store the BAC
library at —80°C.

4. Notes

1.

2.

pIndigoBAC536 has the same sequence as pBeloBAC11, except that the inter-
nal EcoR1 site was destroyed so that the unique EcoR1 site in the multiple clon-
ing site can be used for cloning, and a random point mutation was selected for in
the lac Z gene that provides darker blue colony color on X-gal/IPTG selection.
The GenBank® accession number for pBeloBAC11 is U51113.

CIP is active in many different buffers.
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Plug preparation is a critical part of the work for plant BAC library construction.
Many failures are attributed to the plugs not containing enough megabase DNA.
To increase the DNA content in plugs, more starting material can be used, and
the resultant nuclei can be imbedded in fewer plugs. However, at least 25-35
plugs for each preparation are required for convenient subsequent manipulation.
The same batch of plugs should be used for pilot partial digestion and scaled
partial digestion for BAC library construction.

Do not grind the material to a complete powder, as novices in this field usually
do. Overgrinding reduces the yield of nuclei dramatically.

. Allow to stand at room temperature for about 30 min or at 4°C overnight before

transferring to —20°C to avoid freezing the center part of the gel slices. Freezing
causes high molecular weight DNA to shear.

If the 70% ethanol-stored plugs are needed to be used the same day, soak them in
a large vol of sterilized distilled water (40 mL in a 50-mL Falcon tube) at room
temperature for 3 h with gentle shaking and several changes of sterilized distilled
water.

If the DNA in the completely cut control is not well digested (most of the DNA
fragments should be below 50 kb after complete digestion), rewash the DNA
plugs or use a different restriction enzyme. If a restriction condition to produce
most of the DNA fragments in the range of 100-400 kb is not found, because of
insufficient digestion or over digestion, repeat the pilot partial digestion with
higher or lower enzyme concentrations respectively.

Similar to Note 6, if the 70% ethanol-stored fractions are needed to be used the
same day, soak them in a large vol of 1x TAE buffer (40 mL in a 50-mL Falcon
tube) at room temperature for 3 h with gentle shaking and several changes of 1x
TAE buffer.
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Constructing Gene-Enriched Plant Genomic Libraries
Using Methylation Filtration Technology

Pablo D. Rabinowicz

Summary

Full genome sequencing in higher plants is a very difficult task, because their genomes are
often very large and repetitive. For this reason, gene targeted partial genomic sequencing
becomes a realistic option. The method reported here is a simple approach to generate gene-
enriched plant genomic libraries called methylation filtration. This technique takes advantage
of the fact that repetitive DNA is heavily methylated and genes are hypomethylated. Then, by
simply using an Escherichia coli host strain harboring a wild-type modified cytosine restriction
(McrBC) system, which cuts DNA containing methylcytosine, repetitive DNA is eliminated
from these genomic libraries, while low copy DNA (i.e., genes) is recovered. To prevent clon-
ing significant proportions of organelle DNA, a crude nuclear preparation must be performed
prior to purifying genomic DNA. Adaptor-mediated cloning and DNA size fractionation are
necessary for optimal results.

Key Words

gene-enriched libraries, shotgun sequencing, Mcr, DNA methylation, retrotransposons, gene
discovery, repetitive DNA

1. Introduction

Highly accurate full genomic sequencing like that performed for example in
Saccharomyces cerevisiae (1) and Caenorhabditis elegans (2) has proven to be
an invaluable resource to accelerate all areas of biological research. In particu-
lar in plants, the Arabidopsis thaliana genome sequence has been deciphered,
meeting the highest standards of accuracy (3). Undoubtedly, the availability of
this information had an immense impact not only in the Arabidopsis commu-
nity, but in research in all other plant systems as well. Unfortunately, the pro-
duction of such a high quality genomic resource is not an easy task. It implies
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a significant amount of sequence redundancy only achievable by producing a
huge number of sequence reads. Such reads are assembled and processed to
produce as long contiguous stretches as possible, called contigs. In order to
link these contigs in the right order and orientation, a large insert genomic
library (using bacterial artificial chromosome [BAC] or P1-derived artificial
chromosome [PAC] vectors) needs to be constructed, at least partially
sequenced, and physically mapped.

A major obstacle to obtain the complete and accurate sequence of a complex
(i.e., eukaryote) genome is the presence of large amounts of repetitive DNA.
This DNA is composed of satellite DNA, transposons and retrotransposons,
among other repeats, which often show a high degree of sequence conserva-
tion. For this reason, the computer software designed to assemble random
sequence reads fails to build correct contigs of repetitive sequences, usually
assembling most members of a repeat family in a single contig, regardless of
their actual location in the genome.

In the early 1980s by the time the idea of sequencing the human genome was
opened to discussion for the first time (4), Putney et al. (5) reported a method
that allowed to discover new genes simply by cDNA sequencing, later called
expressed sequence tag (EST) sequencing (6). This widely used technique
allows obtaining gene sequence information getting around the problem of
sequencing repetitive DNA. However, the EST approach has two main limita-
tions. The first is the redundancy of cDNA libraries. Some cDNAs are often
overrepresented and will be sequenced many times before a cDNA correspond-
ing to a weakly expressed gene is found. The second limitation is the partial
representation due to the tissue-specific and developmental regulation of gene
expression. Some genes are expressed only in certain tissues or cells, and some
are developmentally regulated. In order to recover the corresponding ESTs,
libraries from several different tissues and developmental stages need to be
constructed. Another although minor, disadvantage of EST sequencing is that
repetitive elements are often transcribed and thus included in EST collections.

One way to solve the problem of the redundancy is to use normalized librar-
ies (7). Normalization techniques are based on reassociation kinetics and have
been improved to avoid the elimination of members of gene families. How-
ever, it is not trivial to obtain a normalized library where representation is
acceptable. Regardless of these limitations, EST projects are being conducted
for many organisms and are a key tool for gene discovery, annotation of genes,
cross-species comparative analysis, and definition of intron—exon boundaries
among many other uses. In particular for plants, ESTs have been the alterna-
tive to full genome sequence, because the genomes of many plants, often
important crop species, are very large and repetitive. Usually, the genome size
(or subgenome size in the case of polyploids) correlates with the proportion of



Methylation Filtration 23

repetitive DNA. It has been proposed that all diploid higher plant genomes
share essentially the same set of genes, called the “gene space” (8). Then, the
bigger the genome, the higher sequencing cost per gene, due to the amount of
nongenic (e.g., repetitive) DNA that needs to be sequenced before reaching a
gene.

The conservation of coding sequences across different species allows iden-
tifying genes simply by comparing two different genomes. Frequently, gene
modeling software fails to identify genes that can be spotted with this com-
parative genomics approach. Furthermore, once the complete genomic
sequence is obtained for one organism, it can be compared to a draft (lowly
redundant and discontinuous) sequence of a related organism. This approach
yields a lot of new information for both species under analysis. The additional
advantage of genomic vs cDNA sequencing in terms of representation makes
the lowly redundant genomic sequencing a cost-effective process. In the case
of plants however, the large genome sizes prevent the pursuit of full or even
draft genomic sequencing projects. For these reasons, alternatives to obtain
genomic sequences enriched in genes avoiding the repetitive DNA have been
developed. In maize for example, the very active transposon Mutator (9) shows
a strong bias to insert in low copy DNA (i.e., genes). By generating large
Mutator-induced insertional mutagenesis, it is possible to collect genomic
sequences flanking transposon insertion sites, which will mainly correspond to
genes (10). Although Mutator insertions may not be completely at random in
the genome, it can be a good complement to an EST project.

Another alternative for gene enriched genomic sequencing of plants is the
methylation filtration technique, which takes advantage of the fact that most of
the repetitive elements in plants are heavily methylated, while genes are
hypomethylated. Because of their methylation status, repeats are sensitive to
bacterial restriction-modification systems, in particular the Mcr system (11,12),
which includes two restriction enzymes: McrA and McrBC. McrBC recog-
nizes DNA containing 5-methylcytosine preceded by a purine (13). Restriction
requires two of these sites separated by 40-2000 nucleotides. Such recognition
sites are very frequent in any methylated genomic DNA. Thus, by the selecting
amcrBC* Escherichia coli host strain, repetitive DNA can be largely excluded
from genomic shotgun libraries, preserving the low copy DNA. Basically,
methylation filtration consists in shearing and size fractionation of genomic
DNA to select fragments smaller than the estimated size of the genes. Larger
fragments have a high probability of including some portion of repetitive DNA,
which would be methylated and thus counter-selected in the filtered library.
On the other hand, if fragments are too small, there are more chances to
recover small fragments of repetitive DNA with low GC content. Such frag-
ments may be poor in methylated sites susceptible to restriction by McrBC and
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then can be frequently recovered in filtered libraries. The selected fragments
are then end-repaired and cloned into a standard sequencing vector. Subse-
quently, the ligation is introduced in a mcrBC* E. coli host. The recombinant
clones isolated after plating are picked for automatic sequencing. The same
ligation mixture can be transformed into a mcrBC E. coli strain to obtain an
unfiltered control library.

The technique works very well for maize (14), and there is evidence that it
works for many other plants (Rabinowicz and Martienssen, unpublished). The
advantage of methylation-filtered libraries vs cDNA and transposon insertion
libraries is that there is no bias towards a certain region of the genome or a
given fraction of the genes. It is possible though, that methylated genes are not
recovered in filtered libraries. However, gene methylation is often restricted to
defined regions of the gene, mainly the ends (15-17). This would allow to
clone at least most of the coding sequence of methylated genes. Furthermore,
genes that are regulated by methylation may become demethylated during dif-
ferent developmental stages. In these cases, the construction of methylation-
filtered libraries from a couple of developmental stages of a given plant would
likely overcome the problem. For larger scale projects, another problem is
posed by the cloning efficiency. In plants with very large genomes, repetitive
DNA may account for more than 90% of the nuclear DNA. Then, most of the
DNA is likely to be methylated leaving a very small fraction of the genome to
be recovered in methylation-filtered libraries. As a result, the number of
recombinant clones recovered after plating a filtered library may be <10% of
the number of clones obtained in the corresponding unfiltered control library.
Furthermore, the proportion of nonrecombinant background (blue colonies)
may become significant. The use of adaptors often improves the cloning effi-
ciency in addition to reduce the formation of chimerical clones. The cloning
protocol presented here uses three-nucleotide overhang adaptors and a com-
patible sticky-end vector made by filling in one nucleotide in the four-
nucleotide 5' overhang generated by a restriction nuclease (18). The advantage
of using three- vs four-nucleotide overhang is that the nonrecombinant back-
ground is highly reduced because the vector ends become incompatible.

2. Materials
2.1. Nuclear DNA Preparation

1. Isolation buffer 1 (IB 1): 25 mM citric acid (pH to 6.5 with 1 M NaOH), 250 mM
sucrose, 0.7% Triton® X-100, 0.1% 2-mercaptoethanol (see Note 1). IB 1 can be
prepared at a 5x concentration. 2-Mercaptoethanol should be added immediately
before usage.

2. Centrifuge tubes.

3. Liquid N».
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Blender.

Polytron (Brinkmann Instruments).

Two 15-cm wide funnels.

Ring stand and clamps.

Cheesecloth (Fisher Scientific).

60-um Nylon mesh (Millipore).

500-mL Centrifuge bottles with rubber o-ring sealing cap (Nalgene).
Isolation buffer 2 (IB 2): 50 mM Tris-HCI, pH 8.0, 25 mM EDTA, 350 mM sor-
bitol 0.1% 2-mercaptoethanol.

5% Sarkosyl.

5 M NaCl.

CTAB solution: 8.6% CTAB (Sigma), 0.7 M NaCl.
Chloroform:octanol (24:1).

Isopropanol.

. 70% ethanol.

10 mM Tris-HCI, pH 8.0.
Glass rod with bent tip.

. DNA Shearing and End-Repairing

Glycerol 50%.

10x Nebulization buffer: 0.5 M Tris-HCI, pH 8.0, 150 mM MgCl..
14-mL Falcon® tubes (Becton Dickinson, cat. no. 35-2059).

Aero-mist nebulizer (CIS-US; cat. no. CA-209).

N, gas cylinder with a regulator able to deliver 1-50 psi.
Three-sixteenths-inch internal diameter PVC tubing (Fisher Scientific).
Parafilm.

5 M NaCl.

Ethanol.

70% Ethanol.

. SpeedVac® (Savant Instruments).

5 mM Tris-HCI, pH 8.0.
dNTPs 0.5 mM each (Roche Molecular Biochemicals).

. T4 DNA polymerase (New England Biolabs).
. T4 DNA polymerase buffer (New England Biolabs).

Klenow enzyme (Roche Molecular Biochemicals).
QIAquick™ polymerase chain reaction (PCR) purification kit (Qiagen).

. T4 Polynucleotide kinase (PNK) (New England Biolabs).
. T4 PNK buffer (New England Biolabs).

100 mM ATP (Roche Molecular Biochemicals).

. Equilibrated phenol:chloroform (1:1).
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2.6.

. Electroporation cuvettes 0.1 cm (Bio-Rad).

[
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Adaptor Ligation

200 uM Top adaptor oligonucleotide 5'[P]-TAGACGCCTCGAG.
200 uM Bottom adaptor oligonucleotide 5'[OH]-CTCGAGGCGT.

1 M NaCl.

T4 DNA ligase (Roche Molecular Biochemicals).

T4 DNA ligase buffer (Roche Molecular Biochemicals).

TEN buffer: 10 mM Tris-HCL, pH 7.5, 0.1 mM EDTA, 25 mM NacCl.
cDNA size fractionation columns (Invitrogen, Carlsbad, CA, USA).

. Vector Preparation

Supercoiled pUC 19 DNA.

Xbal (Roche Molecular Biochemicals).

H buffer (Roche Molecular Biochemicals).

L buffer (Roche Molecular Biochemicals).

10 mg/mL bovine serum albumin (BSA) (New England Biolabs).

1 mM dCTP (Roche Molecular Biochemicals).

Klenow enzyme (Roche Molecular Biochemicals).

Calf intestinal phosphatase (CIP) (Roche Molecular Biochemicals).
CIP buffer (Roche Molecular Biochemicals).

0.5 M EDTA.

. Equilibrated phenol:chloroform (1:1).

QIAquick PCR purification kit.
Chloroform.
5 M NaCl.

. Ethanol.

70% Ethanol.
10 mM Tris-HCI, pH 8.0.

. Preparation of Electrocompetent Cells

SOB medium without magnesium: 20 g/L bacto-tryptone, 5 g/L bacto-yeast
extract, 2.5 mM KCl, and 0.5 g/L NaCl (pH 7.0 with NaOH, autoclaved).

10% Glycerol (autoclaved).

Sterile 250-mL centrifuge bottles with rubber o-ring sealing cap.

Sterile 14-mL centrifuge tubes.

Electroporation

Electroporator (Bio-Rad).

SOC medium: 20 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 2.5 mM KCl, and
0.5 g/L NaCl (pH 7.0 with NaOH, autoclaved, sterile 2 M MgCl,, and 1 M glu-
cose are added to a final concentration of 10 and 20 mM, respectively, after cool-
ing down).

Sterile 14-mL centrifuge tubes.



Methylation Filtration 27

5.
6.

7.

2.7.

el NS

2.8.

SNk L=

Isopropyl B-p-thiogalactopyranoside (IPTG) 200 mg/mL.
5-Bromo-4-chloro-3-indolyl-f3-p-galactopyranoside (X-gal) 20 mg/mL in
dimethylformamide.

LB-ampicillin agar plates: 10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L.
NaCl (pH 7.0 with NaOH); agar is added to a final concentration of 1.5%, auto-
claved, cooled to 55°C, ampicillin is added to a final concentration of 100 ug/
mL, and plates are poured).

Ligation

Ligation buffer.

Ligase (Roche Molecular Biochemicals).
10 mM NacCl.

QIAquick PCR purification Kkit.

Checking the Average Library Insert Size by Colony PCR

10x PCR buffer (Qiagen).

dNTP mixture (10 mM each dANTP) (Qiagen).

Tag DNA polymerase 5 U/uL (Qiagen).

10 uM M13/pUC sequencing (—40) primer (New England Biolabs).

10 uM M13/pUC reverse sequencing (—24) primer (New England Biolabs).
250 uLL PCR tubes or 8-strips (MJ Research).

3. Methods

3.1.

Nuclear DNA Preparation

Plastids are very abundant, not only in green tissues, and their DNA is
unmethylated. Thus, if chloroplast DNA is present in a DNA sample, it will be
selected during the filtering process. For this reason, it is important to purify
nuclei from the rest of the cell organelles before purifying the genomic DNA.

The

protocol used here is a modification of those reported by Kiss et al. and

Wagner et al. (19,20).

1.

A

N

In a cold room, prepare a ring stand with two funnels attached with clamps, one
on top of the other, so that the top funnel drains inside the bottom one. Cover the
upper funnel with four 30 x 30 cm layers of cheese cloth and the lower one with
one 30 x 30 cm layer of 60-um nylon mesh. Put a 500-mL centrifuge bottle under
the lower funnel to collect the liquid.

Grind 50-100 g of frozen tissue in liquid N, (see Note 2).

Transfer to a blender containing 6—8 vol of IB 1.

Homogenize 3x at maximum speed for 10 s each time.

Transfer to a plastic beaker and further homogenize 3x with a polytron, 5 s each
time (see Note 3).

Slowly pour the slurry into the top funnel.

When it stops dripping, squeeze the liquid out of the cheese cloth using gloves.



28

©

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.

25.

3.2.
. Ina 14-mL Falcon centrifuge tube, mix 20 ug of nuclear DNA with 1 mL of 50%
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12.

13.
14.
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. Centrifuge at 2000g for 15 min at 4°C.

Carefully discard the supernatant and resuspend the nuclear pellet in 0.1-0.5 vol
of IB 1.

Transfer to 14- or 50-mL centrifuge tubes and centrifuge at 2000g for 15 min at
4°C.

Resuspend in 5-20 mL of IB 2.

Add one-fifth vol of 5% Sarkosyl.

Mix gently and incubate 15 min at room temperature.

Add one-seventh vol of 5 M NaCl and mix gently.

Add one-tenth vol of CTAB solution preheated to 60°C.

Mix gently and incubate for 30 min at 60°C, mixing by inversion every 2—4 min.
Add 1 vol of chloroform:octanol and mix well by inversion (do not vortex mix).
Centrifuge at 6000g for 15 min at 4°C.

Transfer upper phase to a new centrifuge tube.

Add two-thirds vol of isopropanol and mix slowly by inversion.

Hook the DNA with a glass rod bent in the tip to help preventing the DNA from
falling off (see Note 4).

Wash the nuclear DNA by immersing the glass rod in 70% ethanol.

Air-dry the DNA for a few minutes.

Immerse the DNA in 0.5-1 mL 10 mM Tris-HCI, pH 8.0, and shake it quickly
until it falls off the glass rod.

Let the DNA resuspend overnight at 4°C.

DNA Shearing and End-Repairing

glycerol and 0.2 mL of nebulization buffer. Add water up to a final vol of 2 mL.
Seal the bottom nebulizer inlet with parafilm.

Remove the nebulizer screw-cap and transfer the DNA mixture to the bottom of
the nebulizer.

Put the nebulizer cap and attach N, gas tubing in the bottom inlet. Close the
upper nebulizer outlet with the Falcon tube cap.

While holding the cap, apply N, gas at 8—10 psi for 2 min (see Note 5).
Remove the tubing and spin down the nebulizer 1 min at 1500g (see Note 6).
Precipitate the DNA with one-fiftieth vol of 5 M NaCl and 2 vol of ethanol.
Keep at —20°C overnight.

Centrifuge at 12,000g for 30 min at 4°C.

Add 3 mL of 70% ethanol and centrifuge at 12,000g for 10 min at 4°C.

Dry in speedVac (see Note 7) and resuspend in the necessary vol of 5 mM Tris-
HCI, pH 8.0, to reach a final vol of 100 uL after adding the reagents of the next
step.

Transfer to a 1.5-mL tube and add 10 uL of dNTPs (0.5 mM each), 20 U T4 DNA
polymerase, and 10 uLL. T4 DNA polymerase buffer.

Incubate 15 min at 30°C.

Add 6 U Klenow enzyme.
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Incubate 15 min at 30°C.

Clean up through a QIAquick column (see Note 8).

Elute with 50 uL of 10 mM Tris-HCI, pH 8.0 (EB buffer; Qiagen).

Collecting the liquid in the same tube, re-elute with the necessary vol of water to
reach a final vol of 100 uL after adding the reagents of the next step.

Add 5 U T4 PNK, 10 uL. T4 PNK buffer, and 2 uL ATP 100 mM.

Incubate 30 min at 37°C.

Add 100 pL of water and extract with 200 uL. of phenol:chloroform by vortex
mixing and centrifuging at 12,000g.

Transfer the upper phase to a new tube and extract with 200 uL of chloroform by
vortex mixing and centrifuging at 12,000g.

Transfer the upper phase to a new tube and precipitate with one-fiftieth vol of 5 M
NaCl and 2 vol of ethanol.

Leave at —20°C overnight.

Centrifuge at 12,000g for 30 min at 4°C.

Add 400 uL of 70% ethanol and centrifuge at 12,000g for 10 min at 4°C.

Dry and resuspend in 20 uL of 10 mM Tris-HCI, pH 8.0.

Adaptor Ligation

Ina 1.5-mL tube, mix 10 uL of top adaptor oligonucleotide and 10 uL of bottom
adaptor oligonucleotide (see Note 9).

Add 0.5 uL of 1 M NaCl.

Incubate 2 min at 75°C and anneal for at least 2 h by cooling down very slowly to
4°C.

In anew 1.5-mL tube, mix 10 uL of end-repaired DNA, 20 uL of annealed adap-
tor, 4 uLL of T4 DNA ligase buffer, 10 U of T4 DNA ligase, and water to a final
vol of 40 uL.

Incubate 24 h at 12°C (see Note 10).

Add 60 uL of TEN buffer (see Note 11).

Place the size fractionation column in a support and remove first the top and then
the bottom cap (see Note 12).

Drain the liquid by gravity.

Wash the column by adding 800 uL. of TEN buffer and allowing to drain com-
pletely.

Repeat the wash three more times.

Label 20 1.5-mL tubes and align them in a rack.

Add the adapted DNA to the upper frit of the column and allow to drain com-
pletely into the first 1.5-mL tube.

Add 100 uL of TEN buffer and collect the effluent in the second tube.

Add another 100 uL. of TEN buffer and begin to collect a single drop per tube
until complete drain.

Repeat the last step until 18 drops have been collected.

Run 3 uL of each fraction in an agarose gel.

Pool the first three fractions where DNA can be detected in the gel (see Note 13).
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3.4. Vector Preparation

1. Ina 1.5-mL tube, mix 2 ug of pUC 19 DNA, 30 U of Xbal, 6 uL of buffer H, and
water up to 60 uL (see Note 14).
2. Incubate 2 h at 37°C.
Inactivate the enzyme incubating 20 min at 65°C.
Chill on ice and add 4 uL of buffer L, 2 uL. of 10 mg/mL BSA, 4 uL of 1 mM
dCTP, 8 U of Klenow enzyme, and water up to a final vol of 100 uL.
Incubate 30 min at 30°C.
Inactivate the enzyme incubating 15 min at 65°C.
Clean up the DNA through a QIAquick column.
Elute with 50 uL of 10 mM Tris-HCI, pH 8.0.
9. Re-elute in the same tube with 39 uL of water.
10. Add 10 uL of CIP buffer and 1 uL of 2 U/uL CIP.
11. Incubate 30 min at 37°C.
12. Add 2 uL 0.5 M EDTA and incubate 15 min at 65°C.
13. Add 100 uL water.
14. Extract with 200 uL of phenol:chloroform.
15. Extract with 200 uL of chloroform.
16. Precipitate with one-fiftieth vol of 5 M NaCl and 2 vol of ethanol.
17. Leave overnight at —20°C.
18. Centrifuge at 12,000g for 30 min at 4°C.
19. Add 500 pL of 70% ethanol and centrifuge at 12,000g for 10 min at 4°C.
20. Dry and resuspend in 100 uL of 10 mM Tris-HCI, pH 8.0 (see Note 15).

> w

e

3.5. Preparation of Electrocompetent JM107 or JM107MA2 Cells

This protocol was modified from the manual by Sambrook and Russell (21)
(see Note 16).

1. Use one JM107 or IM107MA2 colony from a fresh plate to inoculate 3 mL of LB
medium. Incubate at 37°C overnight with shaking.

2. Take 2 mL of the overnight culture to inoculate 500 mL of SOB medium without
magnesium. Incubate at 37°C shaking at 250-300 rpm until reaching an ODss5, of
0.6-0.7.

3. Chill the culture on ice for 20 min and transfer to two 250-mL centrifuge bottles.
Centrifuge at 2500g at 4°C for 15 min.

4. Repeat the wash in 10% glycerol. Discard the supernatant and resuspend each

pellet in 10 mL of chilled 10% glycerol.

Transfer to two 14-mL centrifuge tubes.

Centrifuge at 2500g at 4°C for 15 min.

Resuspend both pellets in a total of 2 mL of chilled 10% glycerol.

Transfer 100 to 200-uL aliquots of the cells suspension to chilled sterile 1.5-mL

microcentrifuge tubes. Freeze the cells in liquid N, and store at —70°C (see Note

17).

© N
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Ligation

Ina 1.5-mL tube, mix 5-10 ng of vector, 10-100 ng of adapted and size fraction-
ated genomic DNA (step 17 from Subheading 3.3.), 1 uL of ligation buffer, 1 U
of ligase, and take to a final vol of 10 uL. with water.

Incubate 16 h at 12°C.

Add 90 uL of 10 mM NaCl.

Clean up the reaction using a QIAquick column, eluting in 50 uLL of 10 mM Tris-
HCI, pH 8.0.

Electroporation

Thaw electrocompetent cells in ice.

. Mix 30 uL of cells with 1-3 uL of cleaned up ligation reaction in a chilled 1.5-

mL tube.

Transfer the mixture to a chilled 0.1-cm gap electroporation cuvette and
electroporate at 1.8 kV. Immediately add 750 uL of SOC medium and transfer to
a sterile 14-mL centrifuge tube.

Incubate cells at 37°C for 45 min with gentle shaking.

Plate aliquots of approx 200 uL of cells together with 50 uL. IPTG and 50 uL
X-gal in LB-ampicillin plates.

Incubate overnight at 37°C.

Checking the Average Library Insert Size by Colony PCR

In a 1.5-mL tube, mix 60 uL of 10x PCR buffer, 30 uL of 10 uM M13/pUC
sequencing (—40) primer, 30 uL. of 10 uM M13/pUC reverse sequencing (—24)
primer, 12 uLL of ANTP mixture, 6 uL of 5 U/uL. Tag DNA polymerase, and 462
uL of water (see Note 18).

Transfer 20 uLL of the mixture to each of 30 250-uLL PCR tubes.

Using an automatic pipet set in 5 uL, pick one white colony into the first PCR
tube and pipet up and down a few times.

Repeat the last step for the rest of the tubes using a new tip each time.

Put the tubes in a PCR machine under the following program: 5 min at 95°C, then
25 cycles of: 30 s at 95°C, 45 s at 55°C, 3 min 30 s at 72°C, 10 min at 72°C, then
forever at 4°C.

Run 10 uL of each reaction in an agarose gel.

Estimate the average insert size taking into account that the PCR fragments
include 30-60 bp of vector sequence in each end. The proportion of clones con-
taining repetitive DNA can be estimated as well (see Note 19).

4. Notes

1.
2.

For all buffers and solutions all Milli-Q® water (Millipore) is used.

When possible, it is preferable to use a tissue with low plastid content (i.e., maize
immature ears). This would reduce the chloroplast DNA contamination. If the
methylation status of a certain kind of gene is known to change with develop-
ment, it should be taken into account at the moment of choosing the tissue for
preparing DNA.
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The use of a Polytron can be omitted if the blender properly homogenizes the
tissue. In the case of hard tissue like pine needles, the Polytron may be necessary.
If the amount of starting material is small, DNA fibers may not be formed after
adding isopropanol. In this case, the DNA can be recovered by centrifugation at
12,000¢ for 30 min.

. The nebulization time and pressure need to be calibrated. Aliquots of DNA can

be taken at different nebulization times and checked in agarose gels. The optimal
nebulization conditions should break down the DNA to fragments mainly
between 1 and 4 kbp.

As nebulizers are not designed for centrifugation, a rotor must be adapted to hold
them. For example, the Sorvall® GSA rotor (NEN® Life Science Products) can
be used if the bottoms of the wells are cushioned with paper towels.

The pellet is often loose and hard to see. It is advisable not to remove all the 70%
ethanol and dry it for a longer time in the SpeedVac.

If a phenol extraction followed by ethanol precipitation is performed instead of
the column clean up, a very hard to dissolve pellet is formed.

After annealed, the adaptor looks like this:

5'(P)-TAGACGCCTCGAG-3'
FErrrrrrn
3-TGCGGAGCTC-5'

The 3-nucleotide overhang adaptor works very well. However, if necessary, clon-
ing efficiency can be improved by using a double adaptor method (22).

Instead of using a column, the DNA can be size-fractionated by agarose gel elec-
trophoresis. In this case, fragments ranging from 1-4 kbp must be eluted from the
gel. One disadvantage of this approach is that a melting step needs to be per-
formed by heating, which may denature the adaptor whose shorter oligonucle-
otide is not covalently linked. Using high quality low melting point agarose like
SeaPlaque GTG agarose (BioWhittaker Molecular Applications) and the
QIAquick gel extraction kit allows to melt the agarose at room temperature, which
helps to overcome the problem. Alternatively, the shorter oligonucleotide can be
added to the vector ligation reaction to improve the ligation efficiency.

To avoid the formation of bubbles inside the column, it is advisable to use a
needle to make a hole in the top cap before removing it.

Taking the first 3 to 4 fractions in which DNA can be observed in the agarose gel
usually works well. The next fractions may contain unligated adaptors and small
DNA fragments, although they are not visible in the sample loaded in the gel. If
no or few small insert clones are detected after estimating the library insert size
(see Subheading 3.8.), the inclusion of more elution fractions can be considered
for future construction of filtered libraries.

pUC 19 and Xbal are used as an example. Other vectors and restriction enzymes
can be used as well. However, the protocols must be adapted accordingly in terms
of selective antibiotic, adaptor sequence, host strain requirements, etc.

Before using a vector for library construction, some controls must be performed
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by E. coli transformation: (i) vector with no ligase; (ii) self-ligated vector; and
(iii) vector ligated to a control insert. The first two controls should yield no or
very few blue colonies only. The third one should yield no or very few blue
colonies and a large number of white colonies. In this case, the control insert is
made by annealing the longer oligonucleotide used to make the adaptor and
another 13-mer oligonucleotide: 5'(P)-TAGCTCGAGGCGT-3". When annealed
it looks like this:

5'(P)-TAGACGCCTCGAG-3'
Frrrrrrend
3-TGCGGAGCTCGAT-(P)5'

JM107 (23) and JIM107MA?2 (24) are shown as examples of filtering and
unfiltering strains, respectively. Other strains can be used, e.g., DH5a-E
(mcrBC*) and DH10B (mcrBC"), both of which are available as electrocompetent
from Invitrogen. If commercial strains are used, the protocols should be adapted
to any special requirements of a particular E. coli strain. However, among
mcrBC™ strains, variations in filtering efficiency has been observed (14). Thus,
both the transformation and filtering efficiencies need to be considered when
choosing the strain to approach a large-scale methylation filtration project.
After a batch of competent cells is prepared, it must be tested by transforming a
known amount of supercoiled plasmid. Usually the transformation efficiency is
>1 x 10'% colonies/ug of plasmid DNA. Also, cells must be tested for any plas-
mid contamination by doing an electroporation without DNA, which should yield
no colonies in selective medium.

The amount of PCR mixture can be increased to compensate for pipeting errors
and to include some useful PCR controls like a blue colony, vector DNA, a water
control, single primer controls, etc. This is a robust PCR assay and any commer-
cially available PCR reagents should work as well as any combination of M13
forward and reverse primers. Instead of using PCR, insert sizes can be checked
by doing plasmid minipreps of white colonies and subsequent restriction enzyme
digestion and agarose gel electrophoresis.

An easy way to estimate the number of clones containing repetitive DNA is to
bind a number of clones to a hybridization membrane and hybridize it against
total labeled genomic DNA. In this labeled sample, only the repetitive DNA will
be present in high enough proportion to produce a hybridization signal. Low copy
DNA will be too diluted to show any hybridization. In this way, the high copy
DNA containing clones can be identified as hybridizing clones. The proportion
of high vs low copy clones can be compared to that in a control unfiltered library
to estimate the filtering efficiency of the cloning process. The unfiltered library
is constructed simply by transforming the same ligation mixture used for the
filtered library into a mcrBC" E. coli strain. The hybridization can be performed
on one to a few hundred clones from each library by colony hybridization (21).
For example, for maize, where 80-90% of the genome is composed of repetitive
DNA, a 5- to 10-fold decrease in the proportion of repetitive clones is expected in
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a filtered vs a control library. There may be some variations due to the frequent
methylcytosine to thymine transition. This mutation occurs frequently in silent
repetitive DNA that is not under selective pressure. For this reason, some decayed
repeats can be recovered in filtered libraries. Sequencing and Basic Local Align-
ment Search Tool (BLAST) analysis (25) of a few hundred clones from each
library is an independent way to estimate how well the technique is working.
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RescueMu Protocols for Maize Functional Genomics

Manish N. Raizada

Summary

RescueMu is a modified Mul transposon transformed into maize to permit mutagenesis and
subsequent recovery of mutant alleles by plasmid rescue. RescueMu elements insert late in the
germline as well as in terminally dividing somatic (e.g., leaf) cells. Germinal insertions may
result in a mutant phenotype, and RescueMu permits recovery of 5-25 kb of transposon-flank-
ing genomic DNA without having to construct and screen genomic DNA libraries. Late somatic
insertions of RescueMu do not result in a visible phenotype, but they are instead used to con-
struct plasmid libraries of gene-enriched maize genomic DNA to facilitate the identification
and sequencing of the euchromatic portion of the maize genome. This is because maize leaves
contain abundant independent RescueMu somatic insertions, and 70-90% of these insertions
occur preferentially into genes and not repetitive DNA. This chapter describes detailed proto-
cols on how to obtain, generate, and use RescueMu for maize genomics, including resources
developed by the Maize Gene Discovery Project (MGDP) consortium available online at
ZmDB.

Key Words

Mutator, RescueMu, maize, genomics, transposon, genome survey sequence, plasmid res-
cue, techniques

1. Introduction

Mutator (Mu) is a large DNA transposon family in maize (see refs. 1,2 for
reviews). Traditionally, Mu has been used to create novel mutants randomly in
the search for new genes (forward mutagenesis) and to create saturating popu-
lations of transposon insertions useful for reverse-genetics screens. This is due
to several factors: first, 70-90% of Mu elements insert into genes (3), not into
the repetitive DNA fraction which constitutes >80% of the maize genome (4).
Second, heritable Mu insertions occur late in germinal cells resulting in sibling
progeny that carry independent insertions. Mu elements insert at a high fre-
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Fig. 1. Structure of the RescueMu vector. RescueMu consists of a plasmid inserted

into an intact Mul nonautonomous element. RescueMu is inserted downstream of a

CaMV 35S promoter in the 5' untranslated leader of maize Lc (Leaf Color) a transcrip-

tion factor of the R family required for anthocyanin production. Excision of RescueMu

can restore tissue pigmentation. Two elements, RescueMu2 and RescueMu3, differ by

the presence of unique 400 bp heterologous tags of Rhizobium DNA, and both are

present in the original RescueMu transgenic lines. The asterisk indicates that the inter-
nal BamHI site is present in RescueMu3, but absent in RescueMu?2.

quency (107 — 10~* per locus per generation), to both linked and unlinked loci
where they remain stable and transmissible through the germline. A mutant
caused by a Mu element rarely ever reverts to wild-type. In contrast, maize Ac/
Ds elements and En/Spm elements insert stochastically during maize develop-
ment, preferentially insert within a 5 ¢cM region of the donor site and may
excise in subsequent generations (reviewed in ref. I). Finally, because inher-
ited Mu elements are not lost and continue to duplicate, they amplify over gen-
erations, up to hundreds of copies per plant, unlike Ac/Ds transposons that are
inhibited by a negative feedback transposition control mechanism. Thus, ran-
dom gene-targeted Mu amplification permits saturation mutagenesis.

Each member of the Mu element family is defined as sharing a common
approx 215 bp terminal inverted repeat (TIR) to which the Mu transposase
binds (reviewed in ref. I). MuDR is a 4.9-kb Mu element that encodes two
proteins required for transposition. The Mutator family was likely created by
internal deletion and recombination of MuDR resulting in at least eight non-
protein-coding subfamilies of smaller transposons (Mul—Mu8), which are
incapable of autonomous transposition, but may transpose in the presence of a
functional MuDR element.

RescueMu?2 and RescueMu3 (Fig. 1) are modified Mul elements into which
high-copy number bacterial plasmids conferring ampicillin resistance were
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inserted (3). They differ only by the presence of an internal 400-bp sequence
tag derived from Rhizobium. These plasmids were stably co-transformed with
the pAHC20 plasmid into maize by biolistic transformation. pAHC20 is a plas-
mid encoding bar, which is a selectable marker gene that confers resistance to
the herbicide glufosinate/Basta (5). RescueMu transgenic lines must be crossed
to an active MuDR line to transpose (3).

RescueMu was constructed to accelerate the discovery and characterization
of Mu-mutagenized genes underlying mutant phenotypes of interest. Plasmid
rescue can now be used to recover 5-20 kb of Mu element flanking DNA in
plasmid form ready for DNA sequencing in only a few days (3), instead of
having to construct a genomic library from a mutant plant.

In addition to germinal insertions, research using RescueMu uncovered that
Mu elements also transpose at a very high frequency in terminally dividing
somatic cells (e.g., leaf cells) (3). Late somatic RescueMu/Mu insertions are
unlikely to cause a noticeable phenotype, and because they rarely occur in the
shoot apical meristem, they are usually not transmitted to the next generation.
However, the somatic behavior of RescueMu has created a novel resource for
the construction of bacterial libraries of euchromatic-rich maize genomic DNA
in plasmid form ready for DNA sequencing. This is because RescueMu somatic
insertions also occur preferentially into genes (3). Read-out DNA sequencing
from RescueMu elements recovered from a single leaf can rapidly identify sig-
nificant numbers of independent genes and gene-rich DNA sequence (3).
Because of the sensitivity of bacterial transformation and antibiotic selection,
RescueMu insertions contained in single small leaf sectors can be recovered in
Escherichia coli from a pool of plant material, filtering out all other maize
genomic DNA. These features permit RescueMu sequencing to be an alterna-
tive to expressed sequence tag (EST) sequencing for gene discovery while
offering several unique advantages: unlike EST sequencing, RescueMu may be
used to find poorly transcribed genes. Second, RescueMu may lead to the dis-
covery of large numbers of nontranscribed regulatory regions in maize located
near RescueMu insertions (3), something not possible by EST sequencing.
Finally, RescueMu sequencing from both the right and left borders allows more
transcribed sequence to be obtained, including complete 5' and 3' untranslated
regions. Whereas RescueMu plasmids can include up to 25 kb of genomic DNA
(3), alternative methods to isolate genomic DNA flanking Mu insertions such
as thermal asymmetric interlaced polymerase chain reaction (TAIL-PCR) using
Mu read-out primers (6,7) typically result in <500 bp of readable DNA
sequence.

The Maize Gene Discovery Project (MGDP) is a consortium of laboratories
headed by Virginia Walbot (Stanford University) that is employing RescueMu
on a large scale to accelerate the recovery of mutant-causing germinal
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Fig. 2. Summary of RescueMu materials available from the MGDP.

RescueMu insertions and to construct libraries of RescueMu-mutagenized leaf
DNA for maize euchromatic DNA sequencing. The MGDP makes available
populations of RescueMu mutagenized seed, online descriptions of mutants,
and 96-well microtiter plate libraries of recovered RescueMu plasmids repre-
senting somatic and germinal insertions. Each plate library represents plas-
mids recovered from a field grid consisting of 48 rows and 48 columns (2304
RescueMu plants) (Fig. 2). Each well contains RescueMu plasmids recovered
from one row or one column (48 plants) in the grid. Each plant in the row or
column is sampled by taking leaf punches from a single leaf. However, each
plant is sampled twice, one leaf for the row sample and the second leaf for the
column sample. If a RescueMu-flanking genomic DNA sequence is recovered
in both a row and a column of a grid, the logical intersection identifies the
single plant in the grid as the donor of the common RescueMu allele. Because
each row and column are sampled from separate leaves, and because only a
germinal insertion would be expected to extend beyond a single leaf, then
double-sampling is used to distinguish between the more frequent late somatic
insertions (leaf sector) and the rarer germinal insertions (whole plant). The
MGDP makes available approx 100-500 bp read-out sequences from these
libraries, known as genome sequence surveys (GSSs), which may be queried
online at GenBank®, PlantGDB, or ZmDB. For online links, detailed informa-
tion, or to order materials, the reader is encouraged to visit the Web site of the
MGDP, known as ZmDB (www.zmdb.iastate.edu).
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The first part of this chapter describes how to generate, recover, and analyze
novel RescueMu insertions in-house, including: (i) how to obtain and choose
RescueMu seed stocks; (ii) how to perform RescueMu plasmid rescues from
maize; (iii) how to select against contaminating plasmids using restriction
enzymes and filter hybridization techniques; and (iv) how to read-out and ana-
lyze sequence from recovered RescueMu elements. In Subheadings 2.8. and
3.8., I have included additional descriptions on how to request and use materi-
als generated by the MGDP in combination with these basic protocols.

2. Materials
2.1. Selecting RescueMu Plant Material to Generate Novel Insertions

1. Glufosinate ammonium/phosphinothricin-tripeptide (PPT)/Basta (Liberty® Her-
bicide; Aventis Crop Science).
2. Tween® 20.

2.2. Genomic DNA Isolation (see Note 4)

Chloroform.

Isoamyl alcohol.

Isopropanol.

70% (v/v) Ethanol.

Water.

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

Prepare plasmid-free CTAB buffer: 100 mM Tris-HCI, pH 7.5/8, 2% (w/v)
CTAB, 1.4 M NaCl, 20 mM ethylene diamine tetraacetic acid (EDTA), pH 7.5/8,
1% (v/v) p-mercaptoethanol, 1% (w/v) sodium bisulfite. For 100 mL of CTAB
buffer, dissolve CTAB in 60 mL water by heating in a microwave for 20 s and
then add other components. Add (3-mercaptoethanol just before use. Store at room
temperature or 4°C.

Nk b=

. Plasmid Rescue

Enzymes needed: Kpnl, RNaseA, Bglll, EcoRI, T4 DNA ligase (Invitrogen).
ElectroMAX DH10B competent cells (>10'° colony-forming units [cfu]/ug)
(Invitrogen or LIFE Technologies).

3 M Sodium acetate.

Buffer-saturated phenol, pH 8.0.

Chloroform.

Isoamyl alcohol.

70% (v/v) Ethanol.

Water (plasmid-free).

SOC media (Invitrogen or LIFE Technologies).

DNA Electroporator and 0.1-cm cuvettes.

LB-carbenicillin (100 mg/L) Petri plates (see Note 9).

N
W
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Isolating DNA Fragments for DNA Hybridization Probing of

Rescued Colonies

1.
2.

3.

2.5.

Nk L=

2.6.

Nk wh =

Enzymes needed: Pstl, Sacl, Xbal, Xhol, BspHI.
Plasmids needed: pR, pBluescript® KS (Stratagene), pRescueMu2 and
pRescueMu3, pMR15 and pMR17 (see Note 13).
RescueMu probe amplification primers: (i) primer pl173+155F GCGAATTC
GACAGCCGGCAGGGCATTC; (ii) T7 primer CGCGTAATACGACTCACT
ATAGGGC; and (iii) primer p192+130F TTCCTGCAGCGGCCGCGGATCAG.

Preparing Filters for Screening of Rescued Colonies

Whatman 3 MM filter paper (Whatman).

0.5 M NaOH.

1 M Tris-HCI (pH 7.5).

UV cross-linker (e.g., Stratalinker®; Stratagene).

India ink.

Nitrocellulose filters (e.g., NEN Colony/Plaque Screen).
80°C Oven (if using nitrocellulose).

Confirming RescueMu Insertions Using Colony-Lift Hybridizations

Random primer labeling kit (e.g., DecaPrimell; Promega).

32p-a, [dCTP] (2000-3000 Ci/mmol) (Amersham Pharmacia Biotech).

NucTrap Push Columns (Stratagene).

2x SSC, pH 7.0: 0.3 M sodium citrate, 0.3 M NaCl.

10% (w/v) Sodium dodecyl sulfate (SDS).

10 mg/mL Salmon sperm DNA.

Prehyb buffer: 1% (w/v) SDS, 2x SSC, 10% (w/v) dextran sulfate, 50% deion-
ized formamide, 3x Denhardt’s reagent (1% [w/v] Ficoll® 400, 1% [w/v] polyvi-
nylpyrrolidone, 1% [w/v] bovine serum albumin [Fraction V; Sigma]).

2.7. Analyzing and Sequencing of RescueMu Plasmids

1.
2.

2.8.

1.

2.

Enzymes needed: Kpnl, HindIll, EcoRI.
Sequencing primers: Mu3-R TGCTGTCTTGTGTCCGTTTTA and Mu3-L
AGCTGTCTCGTATCCGTTTTG.

Requesting RescueMu MGDP Materials

96-Well plates of RescueMu plasmids, each recovered from a field grid of 48 x
48 plants, may be purchased for $150 US at (www.zmdb.iastate.edu). Click on
Order Materials, then follow the Library Plate link.

Pictures and descriptions of visible mutants in each MGDP RescueMu field grid
may be found at the ZmDB Maize Phenotype Database (PhenotypeDB) at (http:/
/www.zmdb.iastate.edu/zmdb/phenotypeDB/index.htm). Selfed seed from these
grid plants are available from the Maize Genetics Cooperation-Stock Center
(http://w3.ag.uiuc.edu/maize-coop/mgc-home.html) (see Note 1). Send an e-mail
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to maize @uiuc.edu indicating the RescueMu field grid letter, row, and column
numbers.

3. To screen RescueMu 96-well plasmid libraries by PCR to search for an insertion
into sequence of interest (reverse genetics), the right-side RescueMu read-out
primer (Mul-R) is 5'-TAT TTC GTC GAA TCC GCT TCT-3', and the left-side
read-out primer (Mul-L) is 5'-CAT TTC GTC GAA TCC CCT TCC-3'".

3. Methods
3.1. Selecting RescueMu Plant Material to Generate Novel Insertions
1. Request and select active RescueMu seeds (see Notes 1-3).

2. Confirm the presence of the RescueMu transgene via its linkage to plasmid

3.2.

. Using plasmid-free solutions (see Note 4), isolate genomic DNA, preferably from

Snsw

11.

12.
13.
14.

pAHC20 (5), which encodes resistance to the herbicide glufosinate/PPT/Basta.
To test for herbicide resistance, a 5-cm-diameter circle is made using a black
marker onto a leaf, which is then painted with 0.75% (v/v) glufosinate ammo-
nium (Liberty Herbicide, 18% [v/v] solution) containing 0.1% (v/v) Tween 20
using a Q-tip. Only plants that are non-necrotic, 5-7 d after herbicide applica-
tion, should be used.

Genomic DNA Isolation

young leaves 1-5, using the urea extraction method (8) or the CTAB method
below (9). Both methods work well.

Grind 0.1-0.3 g of tissue to a fine powder in liquid nitrogen using a mortar and
pestle.

Add tissue to a 2-mL Eppendorf® tube containing 0.9 mL of CTAB buffer.
Vortex mix sample briefly and keep on ice until all samples are ground.
Incubate the tubes at 60°C for 30 min, then cool at room temperature 10 min.
Add 1 vol chloroform:isoamyl alcohol (24:1) and invert tubes continuously for
5 min.

Centrifuge the tubes 5 min in a microcentrifuge at >14,000g, then remove the
upper aqueous phase to a clean 2-mL Eppendorf tube.

. Repeat steps 6 and 7. Transfer the upper, aqueous phase to a 1.5-mL Eppendorf

tube.
Add 1 vol isopropanol and invert the tubes gently until the DNA precipitates.

. Either spool the DNA with the curled-by-flaming tip of a sterile Pasteur pipet or

minicentrifuge for 2 min at >14,000g.

Resuspend the DNA in 1 mL of 70% (v/v) ethanol. Incubate at room temperature
20 min.

Centrifuge the tube at >14,000g for 15 s, then air-dry the pellet.

Dissolve the DNA in 50-200 uL of TE. Incubate at 4°C to dissolve.

Store at —20°C until next step.
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3.3. Plasmid Rescue

1.

2.

e

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Digest 10 ug of genomic DNA with 50 U of Kpnl in the presence of RNaseA in a
vol of 150 uL, for 90 min at 37°C (see Notes 5 and 11).

Add 150 pL of phenol:chloroform:isoamyl alcohol (25:24:1), mix by inversion,
microcentrifuge at >14,000g, remove the upper aqueous phase to a fresh tube.
Repeat once (see Note 6).

. Add 100 uL of chloroform, mix by inversion, microcentrifuge at >14,000g, and

remove upper aqueous phase to a fresh tube.

To precipitate the DNA, add one-tenth vol of 3 M sodium acetate, mix by tap-
ping, then add 2.5 vol of 95% ethanol.

Centrifuge for 20 min at >14,000g at 4°C.

Wash the pellet with 1 vol 70% (v/v) ethanol, then air-dry.

Dissolve in >20 uL water.

An optional BgI/II selection step (see Note 3) is performed as follows: digest
DNA with 30 U of Bg/II in a final vol of 100 uL for 1 h at 37°C. Extract once
with 1 vol of phenol:chloroform:isoamyl alcohol (25:24:1), then once with 1 vol
chloroform as in steps 2 and 3. Ethanol precipitate and wash with 70% (v/v)
ethanol as in step 4, but dissolve the final DNA pellet in >50 uL water.
Self-ligate at 14°C for 16 h with 10 U of T4 DNA ligase and 100 uL of fresh 5x
ligation buffer (Invitrogen or LIFE Technologies) in a final vol of 500 uL (see
Notes 7 and 10).

Extract the ligation mixture twice with 500 uL of phenol:chloroform:isoamyl
alcohol (25:24:1) and once with 500 uL of chloroform as in steps 2 and 3.
Precipitate the DNA by adding one-tenth vol of 3 M sodium acetate, mix by
tapping, then add 1 vol isopropanol. Invert.

Centrifuge 20 min, 14,000g, 4°C. Wash the pellet with 500 uL of 70% (v/v)
ethanol and air-dry.

Dissolve the pellet in 10 uL. water.

For each sample, aliquot 1 mL of SOC medium in a 3 to 10-mL tube.

For electroporation, thaw 30-50 uL of ElectroMAX DH10B cells (>10'° cfu/ug
DNA) in an ice slurry exactly according to the manufacturer’s recommendations
(see Notes 8 and 10).

As the cells are thawing, aliquot 2 uLL of DNA (approx 1 ug) per sample in a
separate Eppendorf tube and chill on ice (see Note 10).

When the cells are thawed, aliquot 30-50 uL of cells in each tube containing the
DNA and incubate on ice >1 min.

Just prior to each electroporation, pipet up the SOC media in a Pasteur pipet,
ready for pipeting into the cuvette immediately after electroporation. A delay of
only 20-30 s in the addition of SOC causes a significant decrease in transforma-
tion efficiency.

Electroporate exactly according to the instructions accompanying the competent
cells. For a Bio-Rad device, cells are placed in a 0.1-cm gap disposal cuvette
(Bio-Rad) set at 100 ohms, 2.5 kV, 25 uF, then discharged (time constant approx
2.3).
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20.

21.

22.

23.
24.

3.4.

Immediately add 1 mL of SOC media into the cuvette, pipet up and down gently
once, then remove into the 3 to 10-mL tube.

Shake at 37°C for 1 h at 225-300 rpm to allow expression of the antibiotic resis-
tance gene.

To concentrate the cells, aliquot the SOC bacterial media into a 1.5-mL Eppendorf
tube, and microcentrifuge for 5 s at 14,000g at room temperature.

Remove the SOC and gently resuspend in 200 uL of fresh SOC.

Plate 20 and 180 uL of cells onto ampicillin—carbenicillin-containing LB plates
(see Notes 9 and 11).

Isolating DNA Fragments for DNA Hybridization Probing of

Rescued Colonies (see Note 12)

1.

2.

3.5.

—_

The RescueMu2-specific probe is obtained as a 520-bp Xhol-Xbal fragment from
PMRI15 (see Note 13).

The RescueMu3-specific probe is obtained as a 478-bp Xhol-Sacl fragment from
pMR17.

Alternatively, PCR may be used to amplify RescueMu?2 and RescueMu3 probes.
To amplify RescueMu2, use 5' primer pl173+155F and the 3' T7 primer. To
amplify RescueMu3, use the 5' primer p192+130F and the 3' T7 primer 3. PCR
cycle conditions are 94°C for 45 s, 50°C for 45 s, and 72°C for 60 s (30-35
cycles) in the presence of 2 mM MgCl,. PCR products should be purified on an
agarose gel.

Instead of using RescueMu-specific probes to detect new RescueMu insertions,
an ampicillin probe may also be used. It is isolated as a 1-kb BspHI fragment
from pBluescript KS+ and will detect both RescueMu plasmids.

Cauliflower mosaic virus (CaMV) 35S and maize R(Lc) probes should also be
isolated to be used to screen against the recovery of the original Lc::RescueMu
alleles after plasmid rescue (see Note 12). The CaMV 35S probe extends from
+7072 to +7565 (10) and is isolated as a Xbal-PstI fragment from plasmid pR
(11). The maize R(Lc) probe is isolated as an approx 800-bp PstI fragment from
PR (see Note 13).

Preparing Filters for Screening of Rescued Colonies
This is the Grunstein-Hogness method (12).

2. Chill bacterial plates at 4°C for >1 h.

Lay out 4 pieces of cellophane (each >15 x 15 cm). Label 1, 2, 3, and 4. Place a
square of Whatmann 3 MM blotting paper (>10 x 10 cm) beside, though not
touching, each piece of cellophane. Have a timer ready for each of the four sta-
tions. Have a bottle of India ink with a gauge needle ready.

Pipet 1 mL of 0.5 M NaOH onto each of cellophane 1 and 2, and 1 mL of 1 M
Tris-HCI buffer (pH 7.5) onto each of cellophane 3 and 4.

Use forceps to place a dry piece of nitrocellulose membrane onto each bacterial
plate, one at a time. Wait 2 to 3 min. During this time, use a unique dot pattern
and stab the membrane and LB with the India ink. This will be used to orient the
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. Prepare 10-50 ng of radioactive probe DNA using a random prime labeling kit
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X-ray film after hybridization with the bacterial plates to pick positive RescueMu
clones.

Transfer the filter onto cellophane 1 directly onto the pool of NaOH, colony-side
facing up. Incubate 2 min to lyse the cells.

Transfer onto cellophane 2 and again incubate for 2 min as in step 6. Briefly blot
onto Whatmann 3 MM paper to remove excess NaOH.

Transfer filter onto cellophane 3, directly onto solution of 1 M Tris-HCI, colony-
side up. Incubate 2 min. Briefly blot onto Whatmann paper.

. Transfer onto cellophane 4 and repeat as in step 8. Blot onto Whatmann 3 MM

paper.

Immobilize DNA by UV cross-linking using manufacturer’s recommendations,
then place in an 80°C oven for 2 h. Store in a dry place until needed. Store the LB
plates at 4°C.

Confirming RescueMu Insertions Using Colony-Lift Hybridizations

(e.g., DecaPrimell) and 3?P-o. [dCTP]. Incubate at 37°C for >3 h, and then purify
on a NucTrap push column to remove unincorporated nucleotides.

In the first round of hybridization, to identify plasmid contamination (see Note
4), colonies should be hybridized to a mixture of the two RescueMu-specific
probes (See Subheading 3.4.) to confirm colony identity as described below.

. Filters should be wetted in 2x SSC for 1 min, then prehybridized in Prehyb buffer

in the presence of 0.1 mg/mL single-stranded DNA (prepared by boiling a 10 mg/
mL stock of salmon sperm DNA for 5 min, then quick-chilled on ice). The filters
should be incubated for 30 min to 24 h at 42°C in a shaking tupperware container
or hybridization oven.

Following prehybridization, radiolabeled probe should be denatured by boiling
for 5 min with 50% (v/v) formamide, then quick-chilled on ice. The denatured
probe should be added directly to the filters in Prehyb buffer, and hybridization
carried out for 16-24 h at 42°C.

. The hybridization solution should be removed and the filters washed in 0.2x SSC/

0.1% (v/v) SDS at 65°C (100-500 mL/10 filters) for 15 min, with 2 changes of
wash buffer. The filters should be wrapped in cellophane paper and exposed to
X-ray film for 6-24 h.

Using the India ink markings on the filters, the X-rays should be marked, allow-
ing them to be aligned with each original LB plate.

. Positive colonies from the first hybridization screen should be picked with sterile

toothpicks, arrayed on duplicate LB plates (50—100/100-mm-diameter LB plate)
and numbered. The plates are then incubated overnight at 37°C.

. This entire procedure (steps 1-7) should be repeated on the duplicate plates of

selected positive colonies in order to screen out colonies that represent recovery
of the original RescueMu/pAHC20 transgene array (see Note 12). Colonies from
the first plate should be hybridized to a mixture of CaMV 35S- and maize Lc(R)-
specific probes; colonies from the second plate should be hybridized again to the
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mixture of RescueMu-specific probes. Colonies that are positive for the
RescueMu probes but negative for CaMV 35S and Lc(R), should then be chosen
for DNA sequencing.

3.7. Analyzing and Sequencing of RescueMu Plasmids

1.

As a final check to confirm that the selected colonies represent true RescueMu
insertions, plasmid DNA should be isolated and digested with Kpnl and HindIIl.
If a plasmid corresponds to a new insertion, there should be at least one fragment
>4.7 kb (see Note 4). A comparison of restriction patterns of plasmids recovered
from the same plant may be useful in determining if the recovered plasmid repre-
sents a somatic or germinal insertion (see Note 14).

For cleaner sequencing of flanking genomic DNA, plasmids may first be linear-
ized with EcoRI, then repurified by ethanol precipitation.

For sequencing, the primers are located —122 bp from the outside edge of
RescueMu. The right TIR out primer is Mu3-R and the left border TIR out primer
is Mu3-L.

The first several bases will correspond to Mul TIR sequence, followed by novel
sequence. The first 9 bp immediately flanking TIR sequence should be dupli-
cated at both the left and right borders of RescueMu, which is a hallmark of Mu/
RescueMu transposition.

3.8. Using Existing RescueMu MGDP Resources
3.8.1. How to Query MGDP RescueMu Plasmid Library GSS Databases

1.

The RescueMu GSS collection consists of tens of thousands of partial read-out
sequences from recovered RescueMu elements, representing both somatic and
germinal insertions in pools of maize leaves (Fig. 2) (see Note 15).

Go to (www.zmdb.iastate.edu) and click on the Search ZmDB button.

To search for a sequence of interest in the GSS collection, use the ZmDB Basic
Local Alignment Search Tool (BLAST). In the new page, specify GSS database,
enter the sequence, and then Run BLAST.

A ZMDB BLAST Results page will open to indicate if a successful alignment
was found.

. In the Results Summary box, look for the word RescueMu under Description.

Click on the corresponding sequence name; this will open up a new page.

At the bottom of the new page, there will be a box to indicate if the RescueMu
GSS aligns with maize EST sequences. There will be a second box that indicates
which field grid library the GSS was obtained from (e.g., Library 1006 Grid G)
and the plant location within the grid (e.g., row 16).

Alternatively, RescueMu GSS sequences may also be accessed using GenBank®
National Center for Biotechnology Information (NCBI) by delimiting the search
to the dbGSS database or via the Plant Genome Database at (www.plantgdb.org).
PlantGDB permits other useful search options such as searching using a text iden-
tifier:



48

8.

Raizada

a. In PlantGDB, specify GSS or GSS contig under Sequence and Zea mays.
b. A query results page will open and list any RescueMu sequences that match
the text.
c. Clicking on a sequence name will open up a new page that will indicate if the
RescueMu GSS is part of a larger GSS contig and/or aligns with maize ESTs.
To identify upstream and downstream sequences to the original query sequence,
look for overlapping ESTs or GSS contigs. For example, if RMTuc appears in the
Results page, click on the corresponding link. This will open up a new page speci-
fying that the GSS is part of a RescueMu tentative unique contig (RMTUC)
assembled by aligning overlapping RescueMu GSSs and displaying overlapping
EST sequences. For an example, go to (www.plantgdb.org), select Text Search,
type in myb, specify GSS contig and Zea mays, then hit Search.

3.8.2. How to Retrieve a RescueMu Genomic Plasmid from a MGDP
Grid Library for Further Sequencing

1.

This section describes how to retrieve a plasmid encoding a GSS of interest from
a MGDP 96-well grid library of RescueMu recovered plasmids in order to
sequence further upstream or downstream. RescueMu GSS plasmids are not indi-
vidually distributed by the MGDP.

Perform a sequence similarity search against the RescueMu GSS collection (see
Subheading 3.8.1., steps 1-6).

In the Query Results page, note the grid origin of the GSS sequence (e.g., Grid
G).

To identify the precise location of the GSS in a 96-well plate and the direction of
the read-out sequence, locate the sequence identification (I.D.). Examples are
1006162C04.x2 1006 and 1008035A02.y1 1008 (see Note 15).

. Purchase the correct 96-well RescueMu grid library plate online (see Subhead-

ing 2.8.).
After receiving the plasmid library, there are two methods to retrieve the GSS
plasmid of interest from the correct well, PCR, or bacterial colony hybridization.

. To PCR amplify the entire maize genomic DNA insert flanking RescueMu (up to

25 kb):

a. Design a PCR primer specific to the GSS to amplify in the direction away from
RescueMu.

b. Synthesize a RescueMu read-out primer located on the opposite edge of the
genomic insert. For example, if the GSS is from an “x” (right TIR) sequence,
then the RescueMu read-out primer should correspond to the left TIR. The
RescueMu left primer is 5'-CACCGCCGTGCTGCCGTAGAGCG-3' and the
RescueMu right primer is 5'-CGCGTGACTGAGATGCGACGGAG-3'.
These are located >220 bp internal to the left or right edge of the RescueMu
element.

c. Use MasterAmp Extra Long DNA Polymerase with High Fidelity 2x Extra
Long PCR Premix 9 (Epicentre), 5 ng of library plate DNA, the GSS primer,
and the RescueMu primer.

d. Following an initial denaturation at 94°C for 1 min, perform 40 PCR cycles as
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8.

10.

follows: 94°C for 15 s, 60°C for 30 s, and 68°C for 25 min. The long exten-
sion time is to amplify inserts up to 25 kb in length.

e. Additional details for PCR amplification may be found at (www.zmdb.
iastate.edu); click on the Protocols button and follow the PCR link.

For bacterial colony hybridization, transform the DNA from the correct well (e.g.,

C04 or A02) into E. coli strain DH10B and ensure that the colonies are well

separated (see Subheading 3.3., steps 14-24).

a. To screen colonies containing the GSS plasmid of interest, generate a DNA
probe corresponding to the GSS by PCR using the library well DNA or maize
genomic DNA as the template. Alternatively, request an overlapping EST
fragment (available online from ZmDB) to use as probe.

b. Follow Subheadings 3.5. and 3.6. to immobilize the bacterial colonies onto
nylon—nitrocellulose and to screen colonies using the radiolabeled probe.

c. Isolate plasmid DNA from positive colonies.

. Confirm the identity of the recovered clone by DNA sequencing, and then design

specific DNA sequencing primers to sequence upstream and downstream of the
GSS.

For PCR cycle sequencing, consult (www.zmdb.iastate.edu); click on the Proto-
cols button and follow the Cycle Sequencing link.

3.8.3. How to Use an EST or Heterologous Sequence to Screen
RescueMu Libraries by Reverse Genetics

1.

This section describes how to use a sequence (EST, heterologous sequence) with
no similarity in the online ZmDB GSS collection to screen RescueMu plasmid
libraries generated by the MGDP to identify a somatic or germinal insertion by
reverse-genetics.

Purchase 96-well RescueMu grid library plates online.

Synthesize the RescueMu read-out primers (Mul-L and Mul-R) (see Subhead-
ing 2.8.).

Design and synthesize two or more PCR primers for the sequence of interest,
both 5' to 3', one for the top strand and one for the bottom strand.

Perform a 96-sample PCR using the 4 PCR primers and use the following initial
conditions: 0.5 mM dNTPs, 2.5 mM Mg**, 0.8 uM of each specific primer, 4.0
uM of each RescueMu primer, 2 U Tag DNA polymerase and 5 ng library plate
DNA. Denature 95°C for 5 min, then amplify for 40 cycles (95°C for 30 s, 55°C
for 30 s, then 72°C for 2 min), followed by a single extension at 72°C for 5 min.
Consult (www.zmdb.iastate.edu) for a grid-specific list of positive control
PCR primers and other recommendations. Click on RMu Libraries and then
Screening.

Sequence the fragment to confirm its identity.

If the insertion of interest is found in both a row well and a column well, this
indicates a likely germinal insertion event and pinpoints the exact plant. Note the
grid letter, row and column number to request seed from the Maize Genetics
Cooperative-Stock Center (see Note 1).
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3.8.4. How to Screen the MGDP RescueMu PhenotypeDB to Obtain a
Mutant of Interest

1. Grids of 48 x 48 RescueMu plants have been screened by the MGDP for visible
mutant phenotypes and descriptions are available online (see Subheading 2.8.).
Mutants may be caused by either RescueMu, but more likely by background Mu/
MuDR elements. Go to the PhenotypeDB index page at (www.zmdb.iastate.edu/
zmdb/phenotypeDB/index.htm).

2. For relative mutation frequencies in each grid, consult the Grid Summary Table.

Begin the search by taking the Interactive PhenotypeDB Tutorial.

4. Choose one of three search tools. To search using a specific phenotype, for

example a Knotted adult leaf, then use the Phenotype Lists search engine. To

search by general category, for example all adult leaf mutants, then use the

Mutant Browser. To search by a specific location within a grid, use the Location

Search engine.

Hit Start Search.

6. In the Query Results page, the column and row of each mutant is listed. Click on
the corresponding Grid letter; this opens up the PhenotypeDB Search Details
page, which is a summary card of the scoring details.

7. At the bottom of the PhenotypeDB Search Details page, there are links to all the
RescueMu GSSs recovered from the row and column pool that contained the
mutant plant.

8. Use the grid, row, and column information to request selfed seed from the Maize
Genetics Cooperation Stock Center (see Subheading 2.8. and Note 1).

9. Once seed have been received, the user may wish to backcross to create an
isogenic background. RescueMu seed populations are in a mixed genotype, typi-
cally A188 > W23 > Robertson > K55 > Freeling > B73. For more details, go to
(www.zmdb.iastate.edu), open the RescueMu Index menu on the right side and
choose RescueMu Tagging Populations.

W

b

3.8.5. How to Use a RescueMu GSS to Identify a Corresponding Mutant
Phenotype

1. Perform a BLAST search in ZmDB. Select the GSS database (see Subheading
3.8.1.).

2. In the Results Summary page, note whether the GSS appears as a single hit or
multiple hits in the same library grid (indicated by the first 4 or last 4 letters
under Description). Determine the row or column source of each GSS (see Sub-
heading 3.8.1., steps 3-6).

3. If the GSS appears as only a single hit within any one grid, then proceed with
step 3. For multiple hits, go to step 4.

a. There is a high probability that the RescueMu GSS corresponds to a somatic
insertion, with no phenotype.

b. To determine if the GSS instead corresponds to a germinal insertion, pur-
chase the corresponding 96-well RescueMu grid library plate (see Subhead-
ing 2.8.).
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c. To screen the 96-well plate for a RescueMu germinal insertion, use a
RescueMu read-out primer and a primer to the GSS of interest to screen by
PCR using steps 3-7 in Subheading 3.8.3. If the GSS of interest is found in
both a row and column sample, then proceed to step 6.

d. If the GSS of interest is not found in both row and column samples, it is
possible that a germinal insertion does exist, but was not retrieved during
plasmid rescue in both row and column pools. To proceed, request RescueMu
seed for all of the 48 plants in the row or column pool of the GSS. After
growing these progeny, isolate leaf genomic DNA (Subheading 3.2.), then
use PCR to screen leaves for the GSS-specific RescueMu insertion by follow-
ing Subheading 3.8.3., steps 3-7. If an insertion is found, it is likely to be
germinal, and thus, proceed to step 7 of this section.

If multiple GSSs are retrieved, then click on the Sequence code of each GSS. At

the bottom of each new page, note the Grid letter and Row/Column location.

. If the multiple GSSs belong to only a row(s) or column(s) within a grid, but not

both, then proceed with step 5. If the GSSs belong to both a row and column

within a grid, then go to step 6.

a. As the number of duplicate GSSs in only a row or column sample increases,
the probability that the GSSs correspond to a germinal insertion increases.

b. To determine if the GSS instead corresponds to a germinal insertion, pur-
chase the corresponding 96-well RescueMu grid library plate (see Subhead-
ing 2.8.).

c. To screen the 96-well plate for a RescueMu germinal insertion, use a
RescueMu read-out primer and a primer to the GSS of interest to screen by
PCR using steps 3-7 in Subheading 3.8.3. If the GSS of interest is found in
both a row and column sample, then proceed to step 6.

If the GSSs correspond to a row and column within a grid, then request seed for

the RescueMu plant at the field grid intersection (Fig. 2).

Search for a visible phenotype in PhenotypeDB using Location Search by enter-

ing the Grid letter, Row, and Column numbers (see Subheading 3.8.4.).

Isolate genomic DNA from the candidate plant(s) and confirm the presence of a

RescueMu germinal insertion by PCR using the appropriate RescueMu read-out

primer and a gene-specific primer (see Subheading 3.8.3., steps 3-6).

Perform a segregation analysis of the progeny by PCR to determine if the

RescueMu allele cosegregates with the mutant phenotype.

3.8.6. How to Identify a RescueMu Insertion Responsible for a MGDP
Mutant Phenotype

1.

2.

In the initial MGDP RescueMu grids, most mutants are caused by MuDR/Mu
elements, not RescueMu (see Note 2d).

Use PhenotypeDB to locate the Grid letter, row and column numbers of the
mutant (see Subheading 3.8.4.).

At the time of this protocol submission, the RescueMu GSS database could not be
searched by row or column location. Instead, there is a link in PhenotypeDB
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from any plant grid location to all GSSs found in the corresponding row and
column. These may be queried against one another, but they may total hundreds
of sequences. Consult PhenotypeDB or ZmDB for future upgrades.
Alternatively, request seed from the mutant plant (see Subheading 2.8.).
Isolate genomic DNA from a mutant plant from two leaves not likely to share a
clonal sector and perform separate plasmid rescues (see Subheadings 3.2.-3.6.).
Perform restriction digests on the plasmids recovered from both leaves and elec-
trophorese the plasmids on an ethidium bromide-stained gel. If any plasmids
appear to be identical between the two leaves, these may be germinal RescueMu
insertions and should be sequenced (see Subheading 3.7.).

To determine if a candidate RescueMu insertion is responsible for the mutant
phenotype, perform a segregation analysis of the progeny by PCR to determine if
the RescueMu allele co-segregates with the mutant phenotype (see Subheading
3.8.3., steps 3-5).

4. Notes

1.

Because RescueMu seed is transgenic, permission is required for interstate ship-

ment in the U.S. or to other countries from the Maize Coop Stock Center in Illi-

nois, U.S.A. In the U.S.A., a letter of notification to ship or grow transgenic seed

must be submitted to APHIS, which is a branch of the U.S. Department of Agri-
culture, 10-30 d in advance (http://www.aphis.usda.gov/ppg/biotech). A detailed

RescueMu APHIS notification template letter can be obtained from the Maize

COOP at (http://w3.aces.uiuc.edu/maize-coop/Aphis-notification.html). Com-

bined with information found in ref. 3, these documents contain detailed infor-

mation about the origin and construction of the RescueMu transgenes for permit
documentation.

The utility of RescueMu is entirely determined by the choice of the starting plant

material. The following parameters should be used when requesting or selecting

RescueMu stocks:

a. Of the original 20 RescueMu lines constructed, the most active lines are des-
ignated R3-4, R3-8, R3-13, and R3-17 (3). Line R3-8 has a complex transgene
array and is a rich source of somatic transposition events, but it has a very low
frequency of transmissable RescueMu insertions.

b. From the original RescueMu lines, seed containing transposing RescueMu
elements should be hand-selected based on the appearance of frequent single-
cell red spotting on the kernel (aleurone) surface when viewed under a micro-
scope (3); these represent RescueMu excisions from the anthocyanin R
transcription factor. To observe such spots, seed lines should be in a MuDR r
C1 genetic background. RescueMu spotting is rarely observed on other tis-
sues including leaves and anthers regardless of the anthocyanin genotype.

c. MuDR is prone to epigenetic inactivation (1,2). Poorly spotted kernels or ears
with few spotted kernels should not be chosen for plasmid rescue. Unfortu-
nately, even spotted kernels may give rise to seedlings with inactive RescueMu
elements. There is a tendency for kernels, leaf sheaths and leaves to turn solid
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or patchy red when MuDR/RescueMu is in the process of epigenetic inactiva-
tion, though lack of a red color is not a reliable indicator of RescueMu activ-
ity. Mu epigenetic inactivation is lower when seed stocks are maintained by
outcrossing; hence it is useful to have or request non-Mutator r C1 seeds from
the Maize Co-op Stock Center to serve as parents.

d. RescueMu seed lines may be in a background with 1-3 copies of MuDR
(known as the Minimal Line) or 10-50 copies of MuDR (known as the Stan-
dard Line) (reviewed in refs. 1,2). In the Minimal Line background, RescueMu
has excellent kernel spotting, high somatic transposition, low epigenetic inac-
tivation, but extremely weak germinal transposition. In the Standard Line,
RescueMu may have excellent kernel spotting, high somatic transposition,
high rates of epigenetic inactivation, and a >10% frequency of RescueMu
transposition. The advantage of the Minimal Line backgrounds is that they
contain few Mul-Mu8 elements, whereas Standard Lines may contain >100
Mul-Mu8 elements. Hence, mutants found in Standard Lines have a low prob-
ability of being caused by a RescueMu element.

e. Because developmentally older leaves (higher up the plant) have a greater
probability of epigenetic activation, it may be best to collect DNA from lower
on the plant if somatic insertion events are of interest. It has been observed
that the first 4 leaves are a rich source of RescueMu somatic transposition
events.

f. Though RescueMu elements at their original and complex transgene integra-
tion site have a low frequency of germinal transposition, this frequency may
increase to 20—100% after the RescueMu element has transposed to a new
location (3). These seed stocks are designated tr-rMu (transposed RescueMu),
and are better stocks than the original RescueMu lines for germinal transposi-
tion, though they offer no advantages for late somatic transposition.

g. If tr-rMu seed stocks are requested in which RescueMu has transposed from
the original RescueMu/pAHC?20 transgene array and the array has been out-
crossed away, these seed lines should not be glufosinate herbicide-resistant.
If using a tr-rMu line, a molecular strategy must be designed to prevent
repeated recovery of the tr-rMu plasmid during plasmid-rescue experiments
(see Note 3). The genomic DNA sequence flanking the tr-rMu must be known
in order to identify a unique restriction site to restrict recovery of this locus,
or the DNA can be used as a hybridization probe on a colony-lift.

h. In coming years, new RescueMu seed lines will be available from the Maize
Gene Discovery Project which have smaller RescueMu elements, will use
kanamycin instead of ampicillin to reduce general laboratory plasmid con-
tamination, will have better restriction sites for plasmid rescue, will use
Bronze2 instead of R as the excision marker, and will likely have fewer back-
ground MuDR/Mu elements. These lines will be called MiniMu and MidiMu.
See (www.zmdb.iastate.edu) for updates and details.

3. Ampicillin-encoding plasmids rescued from RescueMu stocks can include the
original RescueMu transgene array in addition to the genetically linked plasmid
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PAHC20 encoding the herbicide-resistance gene bar, which is also ampicillin-
encoding. The original RescueMu donor element may be recovered, because new
germinal RescueMu insertions are caused by duplication rather than “cut and
paste” transposition (1,2). Fortunately, there is a unique Bg/II site 100 bp down-
stream of RescueMu in the original RescueMu transgene and an additional site in
pAHC?20. Therefore, to bias against the recovery of these plasmids, after they
ligate to form circular DNA, the DNA is restricted with Bg/II in order to linearize
them and prevent their replication in E. coli. Some percentage of true RescueMu
insertions containing flanking BgI/II sites will also be selected against using this
method.

Because RescueMu plasmid rescue involves the use of highly competent E. coli

cells with selection on ampicillin media, contaminating laboratory plasmids

found in laboratory solutions or aerosols are a severe problem unless actively
prevented. For example, if 1 ug of contaminating plasmid DNA was diluted into

10,000 L of water, then even 1 uL of this solution would result in a transformed

E. coli colony. The following measures should be taken to prevent plasmid con-

tamination:

a. A separate plasmid-free bench area should be designated for the sole purpose
of genomic DNA isolation and plasmid rescue. Other plasmid work should
not be performed at the same time as this procedure.

b. Freshreagents (enzymes, buffers, alcohol, water) and solutions should be pur-
chased, aliquoted for single-use experiments in sterile plastic tubes if pos-
sible, labeled as plasmid-free, and segregated from general laboratory use.
Alternatively, water and solutions may be treated with activated charcoal and
then filtered.

c. Where possible, sterile plastic instead of laboratory glassware should be used.
Mortars, pestles, spatulas, tube racks, and other reusable materials including
pipetors should be treated with UV light for 1 min.

d. Pipetors and the bench area may be treated with a 0.2% (v/v) HCI solution or
DNA-Zap spray (Ambion, Austin, TX, USA). The bench coat should be
changed frequently.

e. Aerosol barrier pipet tips should be used throughout the procedure.

f. To detect external plasmid contamination, two plasmid rescue controls should
always be performed. First, a control omitting genomic DNA will indicate if
one of the plasmid rescue solutions or the handling itself is creating plasmid
contamination, while a control omitting ligase will indicate if the genomic
DNA has been contaminated.

g. To detect the extent of foreign plasmid contamination within a rescued DNA
sample, random bacterial colonies should be restriction digested on an agar-
ose gel. Because RescueMu is 4.7 kb, true rescued plasmids range in size
from 5-25 kb. Small plasmids are an indication of external plasmid contami-
nation. Alternatively, RescueMu plasmids may be positively identified using
RescueMu-specific PCR amplication (see Subheading 3.4.).

Do not attempt to digest the genomic DNA with restriction digest for long peri-
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ods of time or with excess enzyme (as when preparing a Southern blot), because
the activity of contaminating nucleases will result in loss of the restriction frag-
ment overhang and inhibit subsequent ligation.

I have found that genomic DNA purification using phenol—chloroform gives the
highest transformation efficiency compared to sepharose and other minicolumn
purification procedures.

For the ligation step, the concentration of genomic DNA is kept deliberately low
(<20 ug/mL) to promote intramolecular ligation rather than intermolecular liga-
tion (see ref. 13). Unfortunately, early Arabidopsis T-DNA rescue protocols
called for much higher concentrations of genomic DNA.

Until now, only Electromax DH10B cells from Life Technologies have worked
efficiently for plasmid rescue for the following reasons: (i) the electroporation
efficiency of these cells is 10'° colonies/ug plasmid DNA; (ii) these cells carry
the mcrA, merBC, mrr, and hsdRMS mutations, preventing methylated cytosine
and adenine residues from plant genomic DNA from being restricted; (iii) the
cells carry the deoR mutation, allowing them to accept plasmids as large as 150
kb; (iv) While DHSa cells also carry this mutation, although high efficiency trans-
formation is limited to plasmids <30 kb in size; and (v) DH10B cells carry the
recAl mutation, thus decreasing the frequency of recombination between the 215
bp terminal inverted repeats of RescueMu.

Carbenicillin (final 100 mg/L) should be substituted for ampicillin when prepar-
ing LB plates. Carbenicillin is more stable than ampicillin and will reduce satel-
lite colony formation.

In addition to tissue containing inactive RescueMu elements, there are three major
reasons for poor plasmid rescue efficiencies. First, the DNA pellet may be lost
during the numerous genomic DNA precipitation steps. To help reduce loss of
DNA, it may be useful to add 1 uL of glycogen as a carrier. Prior to transforma-
tion, an aliquot of the digested DNA should be measured to quantitatively assess
the plasmid rescue efficiency. Second, the ATP in the ligase buffer may degrade
due to numerous freeze—thaw cycles. The ligase buffer should be aliquoted into
single-use tubes and frozen, and then thawed only once. Finally, even a slight
loss in bacterial cell transformation competency will result in a significant
decrease in the number of colonies recovered. For this procedure, cells should
not be used if previously thawed, and the thawing and handling instructions of
the manufacturer (Invitrogen or LIFE Technologies) should be followed exactly.
Up to 100-800 colonies are recovered on carbenicillin plates/ug of Kpnl-digested
genomic DNA electroporated into 50 uL of Electromax DH10B cells, when the
genomic DNA is isolated from an active RescueMu seedling. If the DNA is also
digested with Bg/II to bias against recovery of plasmids from the RescueMu
transgene array, the colony number drops to 20-300/ug of genomic DNA. Because
there is no Kpnl site internal to RescueMu, these plasmids contain maize genomic
DNA flanking both sides of RescueMu and are large plasmids (mean = 12 kb). If
genomic DNA is only needed from one flank, an internal EcoRI site may be used
for plasmid rescue instead of Kpnl, resulting in the recovery of smaller plasmids,
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and therefore, a higher frequency may be expected (1500—4000 colonies/ug us-
ing EcoRI alone, and 150-1000 colonies/ug using both EcoRI and Bg/II). Alter-
natively, the MGDP uses a BamH1/Bglll double digest (Fig. 1) to permit
digestion and selection to be performed in a single step; RescueMu2 does not
have an internal BamH1 site, though RescueMu3 does. There is a flanking BamH]1
site near Bg/II at Lc::RescueMu, which further helps to prevent recovery of the
original RescueMu transgene array. Regardless of the enzyme combination cho-
sen, it is important to note that the plasmids recovered after this step may still be
from the original RescueMu transgene array, and further colony-lift hybridiza-
tions are recommended.

Colony-lift hybridizations are performed to screen for the recovery of true trans-
position events. In the first screen, colony hybridization to RescueMu?2- and
RescueMu3-specific probes specifically detect RescueMu plasmids and thus
screen against recovery of foreign plasmid contamination and the ampicillin-
encoding plasmid pAHC20 (the bar transgene). The purpose of the second screen
is to avoid the recovery of RescueMu plasmids from the original RescueMu::Lc/
pAHC20 transgene array. To do this, a set of filters is hybridized with the
RescueMu-specific probes, while a duplicate set is hybridized to a combination
of probes which flank RescueMu in the transgene array, namely the CaMV35S
promoter and the maize Lc(R) cDNA. Colonies are then selected which hybridize
to RescueMu, but do not hybridize to the CaMV35S/R probes. These colonies
should represent new insertions of RescueMu.

Plasmids pRescueMu2,p RescueMu3, pMR15, and pMR17 and maps may be
obtained from Virginia Walbot at Stanford University (walbot@stanford.edu) (3).
The pR plasmid for the CaM V35S and maize Lc(R)probes may be obtained from
Sue Wessler at the University of Georgia (sue@dogwood.botany.uga.edu) (11).
Recovered colonies may represent RescueMu somatic or germinal insertions.
Typically, if 8-10 colonies are sampled by restriction digest on an agarose gel,
unique plasmids represent late somatic insertions, whereas duplicated plasmids
represent germinal or rare early somatic insertions (3). In the case of a germinal
insertion, the same plasmid should be recovered from two separate leaves on the
same plant.

Each GSS from the MGDP has a sequence I.D. code. Examples are
1006162C04.x2 1006 and 1008035A02.y1 1008. The 3 digits preceding the x or
y digit or the period (e.g., C04 and A02) indicate the exact well location in the
96-well PCR library plate (e.g., C is a row and 04 is a column on the plate) (Fig.
2). The first 4 digits, sometimes repeated at the end (e.g. 1006 and 1008), also
identify the field grid (e.g., G and I). X means that the read-out sequence was
from the right RescueMu TIR (primer Mu3-R) while y refers to a read-out from
the left TIR (primer Mu3-L) (see Subheading 2.7.). In addition, some sequence
L.D.’s are longer, e.g., 1006162C04.1EL_x2 1006. The extra 3 digits (i.e., 1EL)
indicate that the sequence from the recovered RescueMu plasmid came after one
restriction site (BamH]1 or Bg/Il) used during plasmid rescue, and hence this may
not be a contiguous sequence. If the sequence came after a junction recognized as
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the possible ligation between a BamH1 overhang and a Bg/ll overhang, then
“2EL” is added to the GSS 1.D. instead.
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Precious Cells Contain Precious Information

Strategies and Pitfalls in Expression Analysis from a Few Cells

Isabelle M. Henry and Dina F. Mandoli

Summary

Expression analysis, often encompassed in the term “functional genomics,” is the link be-
tween physiology and molecular biology. Often, specific physiological changes in plant devel-
opment are due to a limited number of genes, expressed exclusively in very few cells of an
organ or organism. Compounding the situation, these physiological changes may also be tran-
sient. Therefore, searching for the responsible genes, though exciting and necessary to under-
stand important processes, is hindered primarily by the scarcity of “precious” cells in the desired
physiological state. Used judiciously, molecular methods such as reverse transcription poly-
merase chain reaction (RT-PCR), microarray analysis, or subtractive hybridization allow analy-
sis of rare or special cells. Each of these methods has its advantages and pitfalls. Working with
precious cells entails special biological strategies to avoid excessive work in obtaining the data
and misinterpretation of it. To illustrate the logic and methods involved in working with pre-
cious cells—tissues, we describe how subtractive hybridization followed by expressed sequence
tag (EST) sequencing can be used to search for a few genes specific to a few available cells.

Key Words

EST, Acetabularia, developmental biology, mRNA extraction, suppressive subtractive
hybridization, bioinformatics, normalization, RT-PCR

1. Introduction

The transcriptome is the dynamic link between the genome and the proteome
(1). Now that the entire genome of several organisms has been fully sequenced,
and their sequences are starting to be deciphered, expression analysis reemerges
as an important link between molecular biology and physiology. Unraveling
the networks of coordinated gene expression, which allow the genome to
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respond dynamically to changes in the physiology and environment of an organ-
ism, permits a deeper understanding of how the transcriptome functions.

A challenge facing biologists is to take the expression of a myriad of indi-
vidual genes and tease apart which regulate each particular pathway and how
these pathways interact. Expressed sequence tags (ESTs) are fragments of
mRNA that have been reverse transcribed into DNA and cloned. An EST
library represents a pool of expressed genes from an organism, organ, or cell.
They can be tailored to represent a specific time in development or a specific
tissue. ESTs, thus, constitute an easy way to access information about the level
of transcription of genes and the overall dynamics of gene transcription.

EST analysis is used either to randomly identify new proteins or to identify
proteins expressed in particular cells or under particular circumstances. ESTs
are especially well-suited to studying nonmodel organisms, because no genetic
background is needed and virtually any sequence data is new. Indeed, many
new proteins have been identified using this technique, some in plants. Suc-
cesses include the identification of proteins involved in xylem formation in
pine (2) and in poplar trees (3) or the identification of genes involved in differ-
ent life cycle stages of the brown alga Laminaria digitata (4).

Some EST analyses consist of randomly sequencing all possible ESTs, usu-
ally with the goal of sampling all proteins in the organism (Table 1). This kind
of analysis needs extensive equipment, such as automated DNA preparation
and sequencing, as well as bioinformatics to concatenate the data. As expected,
the more evolutionary distant the taxa are from land species, the fewer ESTs
can be matched to known sequences using Basic Local Alignment Search Tool
(BLAST) searches (Table 1). Of course, we can anticipate that matching fre-
quency will increase as more sequences and species are added to the databases.

Arrays are a second powerful way to analyze nonsubtracted EST librar-
ies. Unfortunately, such resources are not yet available for many plant species.
Richmond and Somerville (5) have reviewed EST arrays of plants. Unless
researchers are willing and financially able to create their own arrays, dealing
with other species often necessitates a different approach.

Finally, selected EST libraries can be created to identify suites of genes,
e.g., genes that are critical to a specific developmental process, involved in
cellular responses to chemical or physical cues, or involved in the interactions
with pathogens (6). Here, the goal is to identify a limited number of genes that
are expressed in very defined conditions and that may interact with each other.
For such a targeted analysis, fewer carefully chosen cells or parts of cells are
required, and a smaller number of sequences will be analyzed in more detail.
One way to isolate these transcripts involves the creation of subtracted cDNA
libraries, which are enriched in stage or cell-type specific ESTs. With sub-
tracted cDNA libraries, one can either randomly sequence ESTs or target just
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Table 1

Statistics from Selected Plant EST Sequencing Projects

Organism-cell No. of ESTs % Unique* % Hits® Cut off® Reference

Pine xylem 1097 80 55 Score > 80 2)

P value < 0.01
Poplar 5692 47 63 Score > 100 3)
Rice 29,000 44 Average 25 Score > 40 (24)
E value < 10 e-4

Laminaria 493 48 Score > 200
sporophyte

Laminaria 412 39 Score > 200 4)
gametophyte

Laminaria both 66

#Percentage of nonredundant clones within the ESTs.

"Percentage of sequences that produced relevant hits in BLAST searches (as reported by the
authors).

See explanation of P and E value and score at (http://www.ncbi.nlm.nih.gov/BLAST/tutorial/
Altschul-1.html#head?).

those clones with the expression pattern of interest for sequencing. Screening
followed by directed sequencing is more efficient and has the added advantage
of eliminating false positives.

Our laboratory has created two subtracted libraries of different ages of
Acetabularia acetabulum. This giant unicellular marine green alga undergoes
complex morphogenesis during development (7). At reproductive onset, it
forms a unique apical structure or cap. Amputation experiments suggest that
adult apices possess the transcripts needed for cap initiation, while juveniles
do not (J. Messmer and D. F. Mandoli, unpublished). To isolate transcripts
needed for cap initiation, we created two subtracted cDNA libraries, one en-
riched in adult transcripts, the other enriched in juvenile transcripts. Once the
subtracted libraries were created, we randomly sequenced 1000 ESTs before
confirming the differential expression of each EST. For A. acetabulum, this
strategy is advantageous for several reasons. First, very little sequence data is
available for this species, so almost any sequence is interesting and constitutes
new data. For example, a few clones sequenced at random from an A. acetabu-
lum cDNA library included a fragment of a nicotinamide dinucleotide
transhydrogenase, which is an enzyme previously thought to exist only in ani-
mals (8). Second, this approach makes sense for organisms that are part of a
branch of the Tree of Life for which little sequence information is available.
Access to the complete genome of Arabidopsis thaliana and a multitude of
sequences from other organisms, combined with more powerful bioinformatics
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tools, has made the kind of information resulting from an EST analysis more
meaningful. Finally, the decreased cost of sequencing, a consequence both of
genome projects and advances in technology, makes this financially possible.

“Precious” cells are those that are difficult to obtain in large quantities. Of-
ten, these cells are also precious because of the information they contain. They
can express genes specific to a developmental process, environmental or patho-
logical response, or biochemical pathway. Therefore, it is often desirable or
even necessary to work with precious cells, despite the limitations they entail
(see Note 1). Restricted amounts of starting material also limit the number and
size of the screens that are feasible. If the expression data needs confirmation,
e.g., via Northern blot analysis, yield and quality of mRNA is important. It is
not possible to approach the problem by doing many pilot experiments, because
the cells are just too precious. It is often cost-effective to optimize the proto-
cols, especially the mRNA extraction, using nonprecious cells before perform-
ing the final experiment on precious cells.

Our case clearly illustrates these problems. We performed a suppressive sub-
tractive hybridization using adult A. acetabulum. Culture procedures had to be
developed allowing for these unicells to grow axenically and synchronously
(9). Careful documentation of the biology of this unicell was essential to know
at what age they had to be harvested and from what portion of the unicell
mRNA had to be extracted (10) (see Note 2). Although these unicells are huge
(up to 3 cm long), =90% of the vol is occupied by a central vacuole resulting in
alow yield of RNA per fresh weight of tissue. Previous work indicated that the
mRNA for subtraction ideally should originate from the growing apices of ju-
veniles and adults, making harvesting of the material very time-consuming and
technically challenging. In the end, we compromised by not dissecting in the
first round of analysis, but making mRNA from whole juveniles and adults.

Most importantly, the critical part of this kind of work has to be done before
designing a molecular approach. One first has to acquire sufficient knowledge
of the physiology and biology of the organism to best select the starting mate-
rial, otherwise the molecular approach will become merely an expensive goose
chase. Because none of the following techniques are unique to our analysis and
most of them could become the objects of a separate protocol chapter, we focus
here on the logic behind the steps involved in the analysis and how they can be
applied to dealing with precious cells. The major molecular steps after biologi-
cal optimization are mRNA extraction, cDNA synthesis, suppressive subtrac-
tive hybridization (SSH), cloning of the libraries, sequencing, and sequence
analysis (Fig. 1).
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harvest of the desired sample
mRNA extraction
cDNA synthesis
addition of adaptor sequences
suppressive subtractive hybridization
insert SSH products into a vector to make a library
sequencing

sequence analysis

PR TN

cleaning of database organizing the
the sequences searches sequences

Fig. 1. Overview of the major steps leading to the EST analysis.

2. Material
2.1. mRNA

1. To avoid the action of RNAses, double-distilled sterile diethylpyrocarbonate
(DEPC)-treated water (treated with 0.1% DEPC and autoclaved), sterile
plasticware, and glassware baked at 150°C overnight should be used for the
preparation of all solutions. All handling should be carried out wearing gloves.

2. Liquid nitrogen.

Mortar and pestle.

4. Extraction buffer: 2% hexadecyltrimethylammonium bromide (CTAB), 2% poly-

vinyl pyrrolidone (PVP) (K30), 100 mM Tris-HCI, pH 8.0, 25 mM ethylenedi-

amine tetraacetic acid (EDTA), 2.0 M NaCl, 0.5 g/L spermidine. Dissolve in

DEPC-treated water, mix, and autoclave. Add p-mercaptoethanol to 2% just

before use.

Chloroform.

6. 10 M LiCl: made in DEPC-treated water and autoclaved.

W

b
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2.2. ¢cDNA Synthesis

Smart Polymerase Chain Reaction (PCR) cDNA Synthesis kit (Clontech
Laboratories).

2.3. SSH
PCR-Select cDNA Subtraction kit (Clontech Laboratories).

2.4. Cloning of the Libraries

100% and 80% Ethanol.

Phenol—chloroform (1:1).

3 M Sodium acetate.

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

10x MgCl,-free PCR buffer (Promega), Tag DNA polymerase 5 U/uL. (Promega),
25 mM MgCl,, and 10 mM dNTPs.

6. TOPO™.-TA Cloning kit (Invitrogen).

Nk L=

2.5. Sequencing

[

Plasmid Miniprep Kit (Qiagen) for preparation of plasmid DNA.

2. Universal M13 primers for sequencing: M13F (5'-GTAAAACGACGGCCAG-
3") and M13R (5-CAGGAAACAGCTATGAC-3").

3. Model 3700 DNA Analyzer for separation and analysis of the sequencing reac-

tions (Applied Biosystems).

2.6. Sequence Analysis

Sequencher™ (Genes Codes): for cleaning the sequences.

Perl: programming language.

Standard query language (SQL): to create our final database.

BLAST (11): to search the sequence databases.

Blastall: to search our own sequences.

InterPro: to search protein motif databases. InterPro is accessible on-line via the
European Bioinformatics Institute at (http://www.ebi.ac.uk/interpro) (12).

SUnE W=

3. Methods

The following section points out the major steps of this analysis, some of the
problems inherent with each step, and presents resources available for trouble-
shooting. Figures 2-5 give an overview of the different steps involved, from
cDNA synthesis to cloning of the subtracted libraries. More detailed descrip-
tions of each step can be found in each kit’s user manual.

3.1. mRNA Extraction

Plant and parts of plants differ widely in their polysaccharide and polyphe-
nolic content, making it necessary to adjust the extraction protocols almost on
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Synthesis kit user manual).
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Fig. 4. Addition of adaptor sequences to the Rsal restriction fragments.

a case-to-case basis (see Note 3). Below is the protocol we used to extract
RNA from frozen Acetabularia cells. References to other protocols are listed
in Note 4. This protocol is based on Chang et al. (13):

1.

® N

b

11.
12.
13.
14.

Grow Acetabularia synchronously in artificial seawater until they reach the de-
sired developmental age. Axenic cultures are obtained by decontaminating the
mature caps and using the resulting gametangia for mating. The zygotes pro-
duced are then grown in our sterile artificial seawater (Ace-27 [14]), under cool
white fluorescent lights at a photon flux density of 170 wmol/m?s on a 14-h light/
10-h dark photoperiod at 21°C. Acetabularia cells are repeatedly diluted accord-
ing to their developmental age (14).

Harvest by filtration or using sterile dental tools, dry briefly on a Kimwipe, weigh
on aluminum foil, and freeze each packet of unicells in liquid nitrogen.

Grind 5-10 g (see Note 5) of frozen material under liquid nitrogen to a fine pow-
der using a chilled mortar and a pestle.

Transfer the ground cells to an Oakridge tube containing extraction buffer (dis-
solve 0.1-0.2 g of ground cells/mL of extraction buffer) heated to 75°C. Incubate
at 75°C for 5-30 min.

Add 1 vol of chloroform, heated to 75°C, and mix well by shaking.

Centrifuge for 15 min at 22°C and 12,000g.

Transfer the top phase to a fresh tube.

Add 1 vol of chloroform, heated to 75°C, mix well by shaking.

Centrifuge for 15 min, at 22°C and 12,000g.

Transfer the top phase to a fresh tube.

Add one-fourth vol of 10 M LiCl.

Pack the tubes in ice and place the ice bucket at 4°C overnight.

Centrifuge for 20 min, at 4°C and 17,400g.

Discard the supernatant and dry the RNA on the bench.
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Fig. 5. Major steps in SSH (adapted from PCR-Select cDNA Subtraction kit user

manual).
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15. Add 500 uL of DEPC-treated water and heat the sample to 65°C for 20 min.

16. Transfer the sample to a 1.7 mL microfuge tube.

17. Make 1:50 and 1:100 dilutions and measure A,qyand A,g, to determine the qual-
ity and quantity of the RNA (see Note 6).

18. Store the samples at —80°C.

3.2. cDNA Synthesis

The detailed protocol can be found in the Smart PCR cDNA Synthesis kit
user manual. Figure 2 summarizes the steps involved in cDNA synthesis:

1. cDNA first strand synthesis by reverse transcription (RT), using the CDS primer
(5'-AAGCAGTGGTAACAACGCAGAGTACT 50)N_;N-3").

2. polyC tailing by RT, annealing of the smart II primer (5'-AAGCAGTGGTA
ACAACGCAGAGTACGCGGG-3"), followed by extension of the primer com-
plimentary strand after RT has switched templates.

3. Synthesis of the second cDNA strand.

The primers used for cDNA synthesis (CDS) and smart II oligonucleotide
primers both contain an Rsal restriction site. This results in a high percent-
age of restriction fragments containing a poly-adenylated [poly(A)] tract. Some
clones of the final library, subtracted or not, are thus also likely to contain a
poly(A) tract.

3.3. SSH

Subtractive hybridization allows one to “subtract” two mRNA populations,
i.e., to find genes that are expressed exclusively in one mRNA population (the
tester population) and not in the other (the driver population). Therefore, the
choice of the driver and tester mRNA populations is crucial (see Note 7).

The detailed protocol can be found in the PCR-Select cDNA Subtraction kit
user manual. The following steps are summarized in Figs. 3-5:

1. Rsal digestion: the populations of cDNAs are cut by a restriction enzyme (Fig.
3). In our case, the enzyme is Rsal (see Note 8).

2. Creation of the final tester populations by dividing the tester Rsal fragment popu-
lation into two pools and adding a different set of adaptors (Fig. 4) to each pool.
The driver population is not modified. This is the innovative step that makes the
subsequent PCR suppressive (15).

3. Subtractive hybridization: this involves several steps (Fig. 5).

a. The two tester populations are each hybridized with an excess of driver popu-
lation.

b. The two pools are then mixed together, again with an excess of driver cDNA.
Only fragments that remained single stranded in both pools will form duplexes
bordered by two different adaptors.
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c. The resulting population is then selectively amplified using primers that
anneal to these adaptors. Consequently, only sequences that are bordered by
two different adaptors will be amplified exponentially. The other fragments
will not be amplified or will only be amplified in a linear fashion for different
reasons (see Fig. 5).

Unfortunately, SSH can generate false positives (see Note 9). Different
methods allow verification of the expression patterns of the candidate clones
(see Note 10).

3.4.

1.

Cloning of the Libraries

Precipitate the library DNA by adding one-tenth vol of 3 M sodium acetate and 2
vol of 100% ethanol. Centrifuge at maximum speed for 5 min. Discard the super-
natant. Rinse the pellet with 80% ethanol. Air-dry the pellet.

Resuspend the DNA in 25 uL of PCR cocktail: 2.5 uL of 10x buffer, 1.5 uL.
MgCl,, 2 uL 10 mM dNTPs, 18.875 uL water, and 0.125 uL Tag DNA poly-
merase. Incubate at 72°C for 8—10 min. This will add 3' A-overhangs to the PCR
products for subsequent cloning into the TOPO TA-cloning vector.

. Extract immediately with an equal vol of phenol-chlorofom: add one-tenth vol

of 3 M sodium acetate and 2 vol of 100% ethanol. Precipitate the DNA by centri-
fuging for 5 min at maximum speed in a microcentrifuge. Discard the superna-
tant, rinse the pellet with 80% ethanol, and air-dry the pellet.

Resuspend the DNA in TE buffer to the starting vol of the DNA amplification
reaction.

. The DNA product is now ready to be cloned into the TOPO TA-cloning vector,

following the manufacturer’s recommendations.

. Sequencing

. Randomly pick 1000 clones using sterile toothpicks (500 from the adult-enriched

library and 500 from the juvenile-enriched library).

Grow the bacteria overnight in 5 mL of LB medium at 37°C.

Prepare the plasmid DNA using Plasmid Miniprep kits. Resuspend the plasmid
DNA into 2x 40 uL. EB buffer (10 mM Tris-Cl, pH 8.5).

The sequencing reactions are as follows: mix 400 ng of plasmid DNA and 4 pmol
of primer (M13R or M13F) in 10 uL of water. Add 2 uLL BigDye™ Terminator
mixture, version 2 (Applied Biosystems), 4 uL. BetterBuffer (The Gel Company),
and 4 uL water.

. The cycling parameters are those recommended by BigDye Terminator, except

that the reactions run for 35 cycles instead of 25.

Reactions are cleaned up with the Multiscreen/Sephadex® Procedure (Millipore)
according to the manufacturers instructions (Millipore Technical Note TNO053).
The resulting 20 uL of cleaned up sequencing reaction product (in water) is placed
on a Model 3700 DNA Analyzer for separation and analysis (see Note 11).
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Fig. 6. Outline of the steps involved in the analysis of EST sequences.
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Fig. 7. Structure of a typical EST sequence before the cleaning steps.

3.6. Sequence Analysis

The following paragraphs describe our sequence analysis (Fig. 6) and the
limited interpretation that it can provide.

3.6.1. Cleaning of the Sequences

A typical sequence is presented in Fig. 7. Only the true EST sequence should
remain after the electronic “cleaning” of the sequences. This is critical to avoid
erroneous BLAST results (see Note 12).

1. Removal of the vector: align each new sequence with that of the two ends of the
vector and trim any part of the new sequence that is vector sequence. In general,
cleaning sequences one by one is preferable for small data sets, because it allows
more reliable removal of contaminant flanking sequences and visualization of
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the sequences. Alternatively, this can be done using sequence analysis software
such as Sequencher. If vector sequence is found at both ends of the sequences,
the full clone has been sequenced. If not, one might want to sequence the clone
from the other end, depending on how much usable sequence has been obtained
from the first sequence run.

2. Removal of the primer sequences: The primer sequences from SSH amplifica-
tions should also be removed. In our case, these are nested PCR primer 1 (5'-
TCGAGCGGCCGCCCGGGCAGGT-3") and nested PCR primer 2 (5'-AGCGT
GGTCGCGGCCGAGGT-3").

3. Handling of the sequences: once the sequences are clean, they can be pasted into
a single file for subsequent batch analysis. Using a Fasta format (see Note 13) is
preferable, because most bioinformatics software accepts this format as input.

3.6.2. Database Search

It is best to use programs that allow analysis of batches of sequences.

1. TBLASTX searches: this search translates each input sequence into all six pos-
sible reading frames and compares the resulting protein sequences against the
nucleotide database, which is also translated into all six possible reading frames.
This kind of analysis is computationally intensive, but is the most likely to gener-
ate a maximum number of hits (see Note 14). The parameters we used in the
TBLASTX searches were:

Database to search: nt (“nonredundant” nucleotide sequences).

Number of descriptions: 50.

Number of alignments: 10.

Expect value: 0.0001.

e. The rest of the parameters were kept on the default setting.

2. BLASTX searches: knowing what genetic code the organism of interest uses is
essential for sequence analysis, because TBLASTX searches do not allow you to
specify the genetic code (see Note 15). For those organisms, performing a
BLASTX search is also necessary. The parameters we used in the BLASTX
searches were:

Database to search: nr (“nonredundant” protein sequences).

Number of descriptions: 50.

Number of alignments: 10.

Expect value: 0.0001.

Code: 6 (corresponds to the ciliate genetic code).

f. The rest of the parameters were kept as defaults.

3. InterPro searches: the remaining clones can be compared to protein signature
databases. There are several such databases, but most of them have recently been
merged into InterPro. This database was developed to create a single coherent
resource for diagnosis and documentation of protein families. So far, it contains
data from the Pfam database (divergent domains), PROSITE (functional sites),
PRINTS (protein families), ProDom (cluster database, derived automatically

SRS

o R0 T
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Table 2

Two Organizations of ESTs or Genes into Functional Classes

Convention established by TIGR in the
expressed gene anatomy database
(EGAD) (25)

The “12 functional groups” based on
catalogues established for Escherichia
coli, Saccharomyces cerevisiae,
and A. thaliana (3)

Cell division.
Cell signaling and communication.
Cell structure and mobility.

Cell or organism defense.
Gene or protein expression.

Ribosomal proteins.

Metabolism (including photosynthesis).

Cell cycle control.

Signal transduction.

Cytoskeleton.

Cell wall formation.

Stress-related proteins.

Proteins synthesis.

Proteins modification, degradation, or
targeting.

DNA binding proteins.

Nucleotide and amino-acids metabolism.

Metabolism.

Hormone synthesis-related.

Other proteins.

Unknown (similar to uncharacterized
sequences).

No hits.

from sequence databases), and BLOCKS (ungapped multiple alignment of pro-

tein families).

4. Update of the results: if the purpose of this analysis is to obtain a database of
sequences from a given organism, it is useful to keep blasting the “no hit” clones
every month against the “month” database (which is the database containing only
the newly released sequences) to search for new entries.

3.6.3. Organizing the Sequences

1. Identification of the duplicates: sequences can be organized into contigs or
nonredundant groups by placing duplicate or overlapping sequences together.
The number of clones that fall into no contig, so called “singletons,” is always
overestimated, because some will be nonoverlapping sequences of the same tran-
script. Several software packages are available for contig analysis: Sequencher;
Blastall, using a personal database (11); or The Institute for Genomic Research
(TIGR) assembler (16). Using the results of the BLAST searches, ESTs can then
be classified into functional groups (Table 2).
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Creation of an EST database: this database will contain all the information col-
lected about each EST, along with its sequence, keywords signifying putative
function, pathway, subcellular localization, etc. (Fig. 6). It can range from a
simple Excel® file, to a database that can be searched for these keywords and can
be automatically updated using BLAST searches on a regular basis.

4. Notes

1.

Dealing with precious cells is often complicated by various factors such as:

a. Contaminants: contamination results either from other organisms, from other
tissues in the same organism, or from the same type of cell at a different stage
in the life cycle. Therefore, it is critical that organisms—cells are as clean and
as developmentally synchronous as possible.

b. Time: harvesting precious cells can be extremely time-consuming. Unfortu-
nately, once the cells have reached the desired developmental age, it is often
difficult to be able to harvest them quickly enough. Therefore, this should be
a consideration in designing the overall molecular approach.

The results of the SSH can vary greatly with a little change in the choice of the
starting material. It is, therefore, necessary to focus on the physiology and biol-
ogy of the system before selecting both the experimental and control starting
material for molecular analysis. Such factors include: circadian time, i.e., time of
day relative to the light—dark cycle, photon flux density, spectral environment,
e.g., UV component, temperature during day and night, water status, nutrient
status, season of the year, developmental age of the organism, portion or subcel-
lular portion of the organism, population density, time postexperimental treat-
ment, and ecological considerations, such as microbes, pathogens, etc.
Good quality RNA is critical for the success of all subsequent steps in making
and for expression analysis of the ESTs. Unfortunately, plant cells are surrounded
by a cell wall composed primarily of carbohydrates that tend to co-precipitate
with RNA. Similarly, phenolic compounds in plants also tend to co-precipitate
with RNA. Most plant cells also contain large aqueous vacuoles, which lower the
yield of RNA extracted/fresh weight. Only when we were able to consistently
obtain a good yield of quality mRNA did we apply this method to our precious
cells and proceed to the next step. We advocate trial runs on tissue that is as
similar as possible to the target tissue.

Speirs and Longhurst (17) have compared RNA extraction protocols and meth-

ods, including approximate yields of RNA. They also list the tissue(s) used with

these methods. More recent publications present the following protocols or tech-
niques: (i) homogenization methods (18); (ii) benzyl chloride extraction from rice
leaves of different ages (19); (iii) extraction from succulent plant species (20); and

(iv) extraction from plants containing high levels of phenolics or polysaccharides

(21). Finally, different RNA extraction protocols are listed at (http://www.protocol-

online.org/prot/Molecular_Biology/RNA/RNA_extraction/index.html).

We used 7.15 g of juvenile cells (approx 18,000 cells) and 9.15 g of adult and

reproductive cells (approx 2000 cells).
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6.

10.

1.

12.

13.

We typically obtain 20-30 ug of total RNA from 1 g of adults. This number is
probably higher for juveniles. We only extracted RNA from juvenile cells once
obtaining 216 ug of total RNA from 1 g fresh weight.

Variability in gene expression: if the library has been constructed from cells of
only one organism, the natural variation in the level of expression of numerous
genes between different individuals might be misleading and result in a high
percentage of false positives in a SSH library. Mice that are genetically identical
and have almost identical environmental histories show surprising variability in
levels of gene expression. Disturbingly, several genes, which varied “normally”
in this study, had been previously interpreted as differentially expressed in
experiments comparing cells or tissues exposed to variable conditions (22). Ide-
ally, consensus will be reached as to which genes within a certain organism are
subject to such variation, and databases of those genes will result allowing
researchers searching for differentially expressed genes to focus on differences
particular to their experimental manipulations (D. A. Coil, personal communica-
tion). To the best of our knowledge, no such analysis has been performed on a plant
species so far, but it would be surprising if this phenomenon were limited to animals.

. The restricted fragments can include full-length clones or not, according to

whether the initial cDNA possesses an internal Rsal site or not (Fig. 3).

For various reasons, SSH is never 100% successful, i.e., it generates a varying
percentage of true positives. According to the PCR-Select cDNA Subtraction kit
user manual, it can be as high as 95% or as low as 5%. Application of different
methods allowing true quantitative expression analysis are, therefore, crucial.
Performing a subtractive hybridization decreases the number of clones to be
sequenced, but does not provide definitive data as to the expression pattern of a
particular gene. Final determination of the “true positives” requires one or more
of the following methods: Northern blots, quantitative or competitive PCR, or
quantitative ribonuclease assays. Quantitative PCR is probably a method of
choice when dealing with precious cells, because it only requires small quantities
of starting material.

Sequence quality: usually and for economical reasons, ESTs are only sequenced
once. Consequently, the sequence data is never 100% accurate and decreases the
quality of the public databases. Resequencing genes of interest is essential to
further work.

Most databases (protein or nucleotide) are noncurated, i.e., they rely solely on
the expertise of the people using it and adding to it. A simple homology search
shows that many GenBank® entries are not devoid of vector sequence. For ex-
ample, if the polylinker site of our cloning vector is used in a BLASTN analysis,
the first 100 hits have E values of 2e =31 or less, and 39 of them are not described
as vector sequence. Hence, the presence of vector sequence in the EST generates
many erroneous BLAST results. It is prudent to know the limitations of the tools
one is using, and this applies to bioinformatics tools used for homology searches:
a simple query will indicate if and how a database you are using is curated.
Fasta format: a sequence in fasta format begins with a single-line description of
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the sequence, followed by lines of sequence data. The description line is charac-
terized by a greater than (>) symbol in the first column. It is recommended that
all lines of text be shorter than 80 characters in length. More than one sequence
can be included in the same file. An example sequence in fasta format is:

> name of sequence number 1
ATGCATGAGCTCGATCGAGTCGATTAGCTAGCTAGGACTCA
GCTACGACTACGACTACAGCGACTACG

> name of sequence number 2
ATGATGATTGATTAGATAACGCTGCATTACGCATCAGCATCTCAGCT
ACAGCACTACACATCAGCAGCTCA

Depending on the library and the organism it was derived from, the number of
ESTs producing relevant BLAST hits varies widely (Table 1). For organisms
such as Acetabularia, for which no closely related taxa have been extensively
sequenced, the percentage of ESTs producing relevant hits is usually <50%.
Indeed, only approx 20% of the Acetabularia ESTs generated relevant hits when
used in BLAST searches. They remain “novel” for the time being.

Acetabularia (23), like the ciliates, does not use the universal genetic code but
uses a different one of the 17 genetic codes known in the Tree of Life (http://
www.ncbi.nlm.nih.gov/htbin-post/Taxonomy/wprintgc?mode=c#SG2). For such
organisms, it is necessary to also perform a BLASTX analysis. This search trans-
lates the input sequences into all six possible reading frames and compares the
resulting protein sequences against a nonredundant protein database. This search
allows you to choose which genetic code should be used for the translation of the
query. Oddly, TBLASTX also allows you to specify the genetic code but that
information is not used in the analysis.
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Combined ESTs from Plant—Microbe Interactions

Using GC Counting to Determine the Species of Origin

Edgar Huitema, Trudy A. Torto, Allison Styer, and Sophien Kamoun

Summary

A diversity of microorganisms establishes intimate associations with plants. Whether patho-
genic or symbiotic, such interactions are the result of complex recognition events between
plants and microbes, leading to signaling cascades and regulation of countless genes involved
in the interaction. A key step in unraveling the mysteries of plant—-microbe interactions lies in
defining the transcriptional changes that occur in both the host and the microbe during their
association. The sum of the transcripts, from both host and microbe, which are produced during
their association, has been defined as the interaction transcriptome. One approach to analyze inter-
action transcriptomes is to perform large-scale sequencing of cDNAs (expressed sequence tags
or ESTs) obtained from infected plant tissue and representing a mixture of host and microbe
sequences. In some cases, the two organisms have markedly different GC content, allowing
most ESTs to be easily distinguished on this basis. In this chapter, we describe a GC counting
method to determine the species of origin of ESTs obtained from interactions between plants
and oomycetes or other high GC content microbes.

Key Words

plant—-microbe interactions, Phytophthora, oomycetes, interaction transcriptome, EST
annotation, GC content, GC counting

1. Introduction

A diversity of microorganisms establishes intimate associations with plants.
Whether pathogenic or symbiotic, such interactions are the result of complex
recognition events between plants and microbes, leading to signaling cascades
and regulation of countless genes involved in the interaction. A key step in
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unraveling the mysteries of plant—microbe interactions lies in defining the
genetic components involved and the transcriptional changes that are occur-
ring in both the host and the microbe (1). The sum of the transcripts, from both
host and pathogen, which are produced during their association, has been
defined as the “interaction transcriptome” (1). Each interaction transcriptome
has been hypothesized as being unique to a particular host—pathogen or host—
symbiont association, and its characterization should help to define the com-
plex mechanisms involved in establishing and maintaining their interaction ().

The emergence of low-cost high-throughput DNA sequencing methods has
allowed plant biology to enter the era of genomics. In particular, projects
involving large-scale sequencing of cDNAs (expressed sequence tags or ESTs)
are ongoing for a wide variety of plants and plant-associated microbes. Simi-
larly, ESTs generated from mRNA isolated from plant tissue infected with
microbial pathogens have emerged as useful data sets for dissecting interaction
transcriptomes (1,2). For example, this approach has been used for two
eukaryotic microbial pathogens, the oomycete Phytophthora infestans, which
causes late blight on tomato and potato (E. Huitema and S. Kamoun, unpub-
lished; B. Baker et al. NSF Potato Genomics Project, www.tigr.org/tdb/potato),
and Phytophthora sojae, which causes root and stem rot on soybean (1,2). ESTs
generated from cDNA libraries constructed from Phytophthora-infected plant
tissue could be of either pathogen or host origin. Thus, the challenge is to dis-
tinguish between the plant and Phytophthora EST populations using sequence
analyses. In this case, plant and Phytophthora ESTs have markedly different
GC contents, allowing most ESTs to be easily distinguished on this basis. For
example, the percentage of GC content was assessed for sequences from cDNA
libraries derived solely from P. sojae and soybean (2). Both sets of sequences
produced distinct slightly overlapping normal distribution curves, with the
pathogen ESTs averaging 58% GC content, and the host ESTs averaging 46%
GC content (2). A similar analysis of sequences from a P. sojae-infected soy-
bean cDNA library revealed ESTs to be clustered around two peaks corre-
sponding to 46 and 58% GC content, suggesting that about two-thirds of the
ESTs from this library are likely to be from the pathogen (2). In this chapter,
we provide step-by-step instructions on how to run the GC counting method to
help distinguish between host and microbe sequences from ESTs from interac-
tions between plants and oomycetes or other high GC content microbes.

2. Materials
2.1. Hardware and Operating System

A workstation running the Linux operating system. For example, we cur-
rently use a Pentium III personal computer (PC) running Red Hat Linux OS.
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2.2. Software

The GC counting program GC can be downloaded from (http://www.oardc.
ohio-state.edu/phytophthora/gc.htm). The program was written in C++ and was
only tested on the Linux platform.

Microsoft® Excel® or a similar spreadsheet program running on a Linux,
PC, or Mac® platform.

2.3. Data Sets

Processed ESTs in a FASTA format (3) (see also [http://www.oardc.ohio-
state.edu/phytophthora/gc.htm] for a sample input file). It is essential to remove
vector sequences and to trim low quality sequences prior to processing.

3. Methods
3.1. Running GC to Count the Frequency of GCs

1. Download or transfer the program GC and the input file containing the ESTs to
the appropriate directory in your Linux workstation (see Note 1).

2. Start the program by typing: gc.

3. Atthis point, you will be prompted to type the input file name and then the output
file name.

4. The output file is a comma-formatted file that can be exported into Excel or a
similar spreadsheet program.

3.2. Importing GC Output into Microsoft Excel

1. Open or import the output file with Microsoft Excel. The Text Import Wizard
window will pop-up.

Select original data type: delimited.

Click Next.

Select delimiters: comma and deselect tab.

Click Next.

In data preview, assign column A to text format and the other columns to general
format.

Click Finish.

8. The GC frequency data is now imported into the spreadsheet.

AN

~

3.3. Description of Output

There are eight columns in the output file:

Column A: sequence ID.

Column B: GC content for frame 1 (based on the first base of the EST).
Column C: GC content for frame 2.

Column D: GC content for frame 3.

Column E: GC content for entire sequence.

N
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6. Column F: Ratio of GC content frame 1/GC content entire sequence.
7. Column G: Ratio of GC content frame 2/GC content entire sequence.
8. Column H: Ratio of GC content frame 3/GC content entire sequence.

3.4. Identifying High GC Sequences

The table can be sorted in descending order based on column E to help iden-
tify high GC sequences:

Select columns A-H.

Select Data:Sort and sort based on column E and descending order.

Identify high GC sequences by scrolling down the file.

For oomycete—plant ESTs, we estimate that sequences with a GC content higher
or equal to 53% have a 98% probability to be of pathogen origin (see Note 2).

3.5. Quality Check

A quality check can be performed by searching the high GC sequences
against species-specific databases using the BLASTN algorithm (4) (see Note
3).

b S

4. Notes

1. Ideally, the sequences should be generated using a robust base-calling program,
such as PHRED (5,6). It is essential to trim the ESTs for low quality sequences.
Some EST data sets may have an overrepresentation of long stretches of As or Ts
due to the polyadenylation signals in the mRNA. In such cases, these stretches
need to be removed.

2. This estimate is based on the observation that for tomato, less than 2% of the
ESTs have a GC content higher or equal to 53%.

3. The clear differences in GC content between plant and oomycete cDNA
sequences may not occur in other pathosystems. The GC content of cDNAs from
the examined organisms need to be determined in order to establish a reliable
threshold for discrimination. In cases in which there are no clear difference in
GC content, the hexamer counting method described by Hraber et al. (7) could be
a valuable alternative.
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Computer Software to Find Genes
in Plant Genomic DNA

Ramana V. Davuluri and Michael Q. Zhang

Summary

Gene finding is the most important phase of genome annotation. Eukaryotic genomes con-
tain thousands of protein coding genes, and computational gene prediction would rapidly
increase the pace of experimental confirmation of expressed genes at the bench. The purpose of
this chapter is to discuss the use of different computer programs that identify protein-coding
genes in large genomic sequences. We describe most commonly used gene prediction pro-
grams that are available on the World Wide Web and demonstrate the use of some of these
programs by an example. We provide a list of these programs along with their Web uniform
resource locators (URLs) and suggest guidelines for successful gene finding.

Key Words

gene prediction, protein-coding region, gene structure, splice sites, exons, computational
gene finding

1. Introduction

The human (1) and Arabidopsis (2) genome projects and the advancement
of sequencing technologies within the last decade are driving many other
genome projects. The complete genome sequences of more than 800 organ-
isms (many microbes, fungi, plants, and animals) are either complete or being
sequenced (http://www.ncbi.nlm.nih.gov). One of the primary goals of any
genome project is to provide a single continuous sequence for each of the chro-
mosomes and demarcate the positions of all genes (Fig. 1A), along with the
annotation of each component of a gene (Fig. 1B). Furthermore, recent
advances in high-throughput technologies, such as genome-wide micro-array
expression analysis, are starting to provide greater insights into the transcrip-
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tional regulation of eukaryotic cells (3-5). Integrating the genome sequence
information (e.g., gene promoters) and microarray expression data would pro-
vide an initial link to functional genomics. The identification and annotation of
genes at genome level will contribute to the understanding of genome-wide
gene expression studies. The major focus of this chapter is to introduce differ-
ent bioinformatics tools that identify genes in genomic sequences.

Gene, defined as a transcribed unit, is usually split into pieces (called exons)
that are separated by intervening sequences (called introns) in the eukaryotic
genomes (Fig. 1B). The identification of genes by computational approaches
is relatively straightforward for organisms with compact genomes (such as
bacteria and yeast), because exons tend to be large, and the introns are either
nonexistent or short. The challenge is much greater for larger genomes (such
as those of rice or maize), because the exonic “signal” is buried under nongenic
“noise.” In the past few years, the accuracy and reliability of computational
gene finding programs have improved to a reasonable extent, such that gene
predictions within a genomic region can give valuable guidance to more
detailed experimental studies. Computational sequence analysis methods,
which detect genes in genomic DNA, can be broadly classified into two main
categories: homology-based methods, and ab initio methods, which we discuss
in Subheading 3.

2. Materials

User must have access to a computer with Internet access, e.g., a personal
computer (PC) running Microsoft® Windows™ or Linux, an Apple®
Macintosh®, or a UNIX® workstation. The user should be familiar with the use
of Netscape Navigator or Microsoft Internet Explorer. The list of commonly
used gene finding and sequence alignment programs and their Web uniform
resource locators (URLs) are provided in Table 1.

3. Methods
3.1. Gene Prediction by Homology-Based Methods

Sequence homology is a very powerful type of evidence used to detect func-
tional elements in genomic sequences. The homology-based methods to detect
genes use either intraspecies or interspecies sequence comparison in at least
four different ways, as summarized below.

3.1.1. Comparison with Expressed Sequence Tags/cDNA Database

A direct comparison of a genomic sequence (query) with expressed sequence
tags (ESTs) or cDNA (Fig. 2) can identify regions of the query sequence that
correspond to processed mRNA. BLASTN (6) is a common program that iden-
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Table 1

Web URLs of Gene-Prediction and Sequence Alignment Programs

Program name Model Organism Web URL
AAT MZEF+homology http://genome.cs.mtu.edu/aat.html
BCM Search Launcher Many gene finding programs http://dot.imgen.bcm.tmc.edu:9331/seq-
search/gene-search.html
BLAST Sequence alignment programs http://www.ncbi.nih.gov/BLAST
CDS (search coding http://bioweb.pasteur.fr/seqanal/interfaces/
region) cds-simple.html
Fgenesh: (Fgenes; HMM dicots, http://genomic.sanger.ac.uk/gf/gf.shtml
Hexon; TSSW; TSSG; monocots http://searchlauncher.bcm.tmc.edu:9331/seq-
SPL; Polyah) search/gene-search.html
http://www.softberry.com/nucleo.html
GeneMachine Integrated gene finder Arabidopsis http://genome.nhgri.nih.gov/genemachine/
GeneMark.hmm HMM Arabidopsis http://dot.imgen.becm.tmc.edu:9331/seq-
search/gene-search.html
GeneParser DP-ANN http://beagle.colorado.edu/~eesnyder/
GeneParser.html
GeneSplicer Marko model and MDD Arabidopsis, http://www.tigr.org/tdb/GeneSplicer/
rice gene_spl.html
GeneWise2 DNA protein alignment http://www.cbil.upenn.edu/tess/
GenLang http://www.cbil.upenn.edu/genlang/
genlang_home.html
Genomescan HMM-tprotein similarity Arabidopsis, http://genes.mit.edu/genomescan/
maize
Genscan HMM Arabidopsis, http://genes.mit.edu/GENSCAN.html
maize
GRAIL ANN Arabidopsis http://compbio.ornl.gov/tools/index.shtml
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Program name

Model

Organism

Web URL

MORGAN
VEIL
GLIMMER
MZEF
MZEF SPC

NetGene2
NNSplice

OrfFinder
PredictGenes
Procrustes

PROCRUSTES
RepeatMasker

RiceHMM
SGP-1

SIM4
SplicePredictor

WebGene
Xpound

YeastGene

Decision tree, HMM

QDA
MZEF+SpliceProximalCheck

ANN
ANN

Spliced alignment

Spliced alignment program

Identifies and masks interspersed
repeats

HMM and EST similarity

Similarity based gene prediction

Spliced alignment program

Logitlinear model

Arabidopsis

Arabidopsis
Drosophila,
Human, or other

Rice

Arabidopsis,
maize
Arabidopsis

http://www.tigr.org/~salzberg/

http://www.cshl.edu/mzhanglab/
http://industry.ebi.ac.uk/~thanaraj/MZEF-
SPC.html
http://www.cbs.dtu.dk/services/NetGene2/
http://www fruitfly.org/seq_tools/splice.html

http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://cbrg.inf.ethz.ch/subsection3_1_8.html
http://www-hto.usc.edu/software/procrustes/
index.html
http://www-hto.usc.edu/software/procrustes
http://ftp.genome.washington.edu/cgi-bin/
RepeatMasker
http://rgp.dna.affrc.go.jp/RicecHMM
http://soft.ice.mpg.de/sgp-1
http://pbil.univ-lyon1.fr/sim4.html
http://bioinformatics.iastate.edu/cgi-bin/sp.cgi

http://www.itba.mi.cnr.it/webgene/

ftp://igs-server.cnrs-mrs.fr/pub/Banbury/
xpound/

http://tubic.tju.edu.cn/cgi-bin/Yeastgene.cgi
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cDNA/protein

DNA = ] ' - [

Fig. 2. Sequence alignment. Alignment of a cDNA or protein with a genomic
sequence. In the cartoon showing the DNA, the rectangular boxes represent the exons,
and the straight lines represent the introns.

tifies similar nucleotide sequences that exist in the databases (nr/EST) to the
query sequence (see Note 2). BLASTN algorithm finds similar sequences by
generating an indexed table or dictionary of short subsequences called words
for both the query and the database (see Basic Local Alignment Search Tool
[BLAST] help at [http://www.ncbi.nlm.nih.gov/BLAST] for further details).
For identification of gene regions in the query sequence, choose low complex-
ity repeat filter and select expected value as 0.1. If the query sequence is very
long MegaBLAST is a better choice, as it is specifically designed to efficiently
find long alignments between very similar sequences. MegaBLAST is also
optimized for aligning sequences that differ slightly as a result of sequencing
errors. The user can select different options. We suggest the use of expected
value (e-value) of 0.1 and choose filter for low complexity repeats. When larger
word size is used (default value is 28), it increases the search speed and limits
the number of database hits. For BLASTN, the word size can be reduced from
the default value of 11 to a minimum of 7 to increase sensitivity.

BLASTN is mainly used to pull out similar sequences from the database,
and most of the times it is hard to interpret the exon boundaries. After finding
a cDNA or EST match to the query sequence, one can use spliced alignment
programs such as SIM4 (7), which efficiently aligns an EST or cDNA with the
genomic sequence. RiceHMM (8) is another program that predicts gene
domains in rice genome sequence, based on a Hidden Markov Model using a
database of rice ESTs, composed of nearly 15,000 cDNAs.

3.1.2. Comparison with Protein Sequence Databases

Comparison of genomic sequence with protein sequence database by pro-
grams, such as BLASTX, can identify probable protein coding regions. Subse-
quently, spliced alignment programs such as Genewise (9), GeneSeqer (10), or
PROCRUSTES (11) can be used to find the gene structure by comparing
the genomic DNA sequence to the target protein sequences. These programs
derive an optimal alignment based on sequence similarity score of the pre-
dicted gene product to the protein sequence and intrinsic splice site strength of
the predicted introns.
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3.1.3. Comparison of a Translated Genomic Sequence with Translated
Nucleotide Database

A comparison of a translated genomic sequence with nucleotide database,
which has been translated in all six reading frames, using TBLASTX can iden-
tify similarities among protein coding regions. TBLASTX can be run by
selecting “Nucleotide query—Translated db [tblastx]” option from the BLAST
Web page. TBLASTX takes a nucleotide query sequence, translates it in all six
frames, and compares the translations to a nucleotide database (e.g., nr, est,
est_human, est_others, etc.) sequences that are dynamically translated in all
six frames.

3.1.4. Comparison of Genomic Sequence with Homologous Genomic
Sequences from Related Species

Protein coding DNA from closely related plant species, such as sorghum
and maize, show considerable sequence similarity (12). With the availability
of genomes of many different organisms, comparative genomic approaches are
gaining importance. VISTA/AVID (13) and PipMaker (14) can be used to com-
pare large genomic sequences to find orthologous genomic sequences from
closely related species. For example, sequence analysis of orthologous genes
from rice, maize, and sorghum showed that the exons are more conserved than
introns (12). The degree of sequence conservation, in terms of sequence iden-
tity, across species has been shown to be consistent with the divergence times
of the respective species. The rice genes are considerably more diverged than
their counterparts in maize and sorghum. For gene prediction programs, it
would be best to compare two genomes that are very closely related, but distant
enough that their intergenic repeat elements differ significantly. As a rule of
thumb, consider two species as closely related, if those two are diverged within
the last 25 million yr. For example, maize and sorghum are closely related
species as they were diverged 15-20 million yr ago. If homologous genomic
sequences from two species are known, then a recently developed gene predic-
tion tool called SGP-1 (15) can be used to find protein-coding genes.

3.2. Gene Prediction by Ab Initio Methods

Homology-based methods provide useful information about gene locations
as well as clues about gene function. Similarity-based methods, such as
BLAST, combined with more sophisticated spliced alignment methods, such
as SIM4, can give most reliable gene structure, provided there exists a full-
length cDNA sequence in the database. However, most of the cDNA or EST
sequences are partial, and these databases are increasing rather slowly. To help
overcome these limitations, several ab initio gene finding programs have been
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developed over the years (Table 1). These programs recognize signals or com-
positional features in an input genomic sequence by pattern matching or statis-
tical methods. The performance of a gene finding program is typically
measured in terms of the sensitivity, defined as the proportion of true signals
(e.g., donor signals, exons) that are correctly predicted, and specificity, defined
as the proportion of predicted signals that are correct. A program is considered
accurate if its sensitivity and specificity are simultaneously high. We describe
some of the most commonly used gene prediction programs trained for plant
genomes. A comprehensive review of these programs can be found at Weintian
Li’s Bibliography on Computational Gene Recognition Web site (http://
linkage.rockefeller.edu/wli/gene/). A recent review by Lincoln Stein (16) sur-
veys the various ways the genome annotation is being carried out.

3.2.1. Splice Site Prediction Programs

Since most vertebrate, invertebrate, and plant genes have several exons; pre-
cise gene structure prediction in these organisms very much depends on the
ability of splice site prediction. Many first generation gene prediction programs
used simple position weight matrix methods to model the compositional biases
present in the 5' and 3' splice sites. Most recent programs have investigated the
correlations between different positions by using Markov models, maximal
dependence decomposition models, decision tree models, and artificial neural
networks. GeneSplicer, Netplantgene, Netgene2, and SplicePredictor are some
of the splice site prediction programs that use splice site models. The specific-
ity of these programs is just around 35% at a 50% sensitivity threshold in large
genomic sequences (17). This is because the selection of splice sites not only
depends on the strength of the splice sites but also on other factors, such as
exonic and intronic enhancer signals located some distance from splice junc-
tions (18). To get an initial assessment of potential splice sites we recommend
the use of GeneSplicer (19), SplicePredictor (20), or NetGene2 (21).

3.2.2. Exon Prediction Programs

Most of the gene prediction programs have been trained to predict protein
coding exons; exons corresponding to the region from translation initiation codon
(ATG) to stop codon (TAA/TAG/TGA). The protein coding exons typically
are of four types: (i) initial exons (ATG to first donor site); (ii) internal exons
(acceptor site to donor site); (iii) terminal exons (acceptor site to stop codon);
and (iv) single exons (ATG to stop codon without introns). The accuracy of
splice site prediction, and hence exon prediction, by second generation pro-
grams (e.g., Genscan [22], GeneMark.hmm /23], MZEF [24], or SPL [25]) is
significantly higher than simple splice site prediction programs, because these
programs integrate splice site models with additional types of information, such
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as compositional features of exons and introns. MZEF, based on quadratic dis-
criminant analysis, was specifically trained to predict internal exons. It was
shown (25) to perform better than FGENESP, GRAIL, Genscan, and
GeneMark.hmm in predicting internal exons for Arabidopsis genome. For pre-
dicting initial and terminal exons, Genscan and GeneMark.hmm are the best
options, even though the accuracy of predicting these exons is significantly
lower than that of internal exon prediction.

3.2.3. Gene Modeling Programs

The accuracy of individual exon prediction further increases by combining
the reading frame compatibility of adjacent exons to make a full coding tran-
script. Probabilistic models, such as Hidden Markov Models, have been used
to incorporate this information in Genscan and GeneMark.hmm, which model
different states (exon, intron, intergenic region, etc.) of a gene. In gene model-
ing and predicting multiple genes in large genomic contigs, Genscan and
GeneMark.hmm were shown to give comparable results and by far the best
available programs for plant genomes (25).

3.3. Gene Prediction by Integrated Methods

Gene prediction by homology-based methods is perhaps the most efficient
way of finding genes in genomic sequences, since the evidence of support
(mRNA, EST, protein) was already derived experimentally. On the other hand,
ab initio gene-prediction programs miss some known genes (false negatives)
and predict some that are not real (false positives). Traditionally, ab initio gene
prediction programs and homology-based approaches were used independently
and combined later manually by an annotator. This process has been automated
in recent programs, such as Genomescan (27) and RiceGAAS (8) that combine
gene predictions with similarity comparisons to produce more reliable predic-
tions of protein-coding regions. GenomeScan incorporates protein homology
information (BLASTX hits) with the exon—intron predictions of Genscan. The
input to this program consists of a genomic sequence, a selection of appropri-
ate organism (from vertebrate, Arabidopsis, and maize), and a set of protein
sequences (in fasta format), which may be similar to the genomic sequence.
GenomeScan first masks the interspersed repetitive elements in the genomic
sequence with RepeatMasker and then combines the Genscan predicted pep-
tides with BLASTX hits. The program determines the most likely “parse” (gene
structure), conditional on the given similarity information under a probabilistic
model of the gene structural and compositional properties of genomic DNA for
the given organism.

RiceGAAS runs Genscan (with Arabidopsis, maize models), RicecHMM,
MZEF (with Arabidopsis, model), and SplicePredictor (with Arabidopsis,
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maize models) programs and combines these predictions with BLASTN
(against MAFFRICE database) and BLASTX (against nr database) homology
comparisons. It also masks the repeats of Arabidopsis thaliana repeats by using
RepeatMasker program. For RiceGAAS, the input is the genome sequence to
be analyzed, which can be pasted in a window or uploaded from a file (as fasta
format).

3.4. Worked Example

We discussed various gene-finding strategies in the previous sections. Now
let us discuss which programs to choose and how to use those programs in a
real practical scenario. Given a large genomic sequence, we suggest the fol-
lowing steps in arriving at probable exons that the sequence may contain.

1. Blast the sequence against nr and EST databases by using BLASTN (Megablast
in case of very long sequence) program. Note the list of accession numbers of
cDNAs or ESTs with “% identity” score =99, from the blast output.

2. Use SIM4 program to align each of the cDNA/ESTs with the genomic sequence
so as to identify exons with canonical splice sites.

3. Blast the sequence against nr database by using the BLASTX program. From the
output, note down the BLASTX matches that may belong to genes.

4. Submit the sequence to at least 4 different gene prediction programs and select
the consensus predictions (exons). We consider a prediction as consensus predic-
tion if it is predicted by at least half of the programs either fully (both ends of the
predicted exons are same) or partially (there exists an overlapping region among
the predicted exons).

To demonstrate the above steps, we use the genomic sequence in rice bacte-
rial artificial chromosome (BAC) in GenBank® with Accession no. AP005190,
which has not yet been annotated at the time writing of this chapter. Since the
length of the sequence is very large (138,893 bp), we used Megablast to iden-
tify the homologous sequences from the GenBank. The program was run twice
by choosing nr and EST databases. Table 2 gives the list of high scoring seg-
ment pairs (HSPs) from the Megablast output. As BLAST is mainly a sequence
similarity program, it helps us to identify the regions in the input sequence
(query sequence) that are similar to known sequences (subject sequences) in
the database. As the output suggests, it is hard to interpret the gene structure
(exon—intron boundaries) from the output. Hence, we ran SIM4 program to
align each of the EST/cDNA sequences (from the output of Megablast) with
the genomic sequence AP005190. Table 3 gives the list of exons inferred by
combining various EST/cDNA alignments with AP005190 using SIM4.
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Table 2

List of HSPs of AP005190 (Query) Against EST Database
from Megablast Output

Subject % Alignment Gap Query Query  Subject  Subject E-value Bit score
ID Identity length Mismatches openings start end start end

AU173904 100 375 0 0 47222 47596 87 461 0 743.9
AU173904 100 87 0 0 46592 46678 1 87 6.70E-38 173
AU173465 100 363 0 0 24137 24499 433 71 0 720.1
AU173465 100 72 0 0 25919 25990 72 1 6.00E-29 143.2
AUO031146 100 313 0 0 14463 14775 138 450 9.00E-173 621
AU093845 994 317 1 1 14463 14778 381 697 2.00E-170 613
AU093845 100 116 0 0 13601 13716 266 381 3.30E-55 230.4
AU093845 100 75 0 0 12946 13020 194 268 9.70E-31 149.2
AU093845 100 74 0 0 12788 12861 125 198 3.80E-30 147.2
C97606 99.7 313 0 1 14463 14775 527 838 9.00E-170 611.1
C97606 100 116 0 0 13601 13716 412 527 3.30E-55 230.4
C97606 100 75 0 0 12946 13020 340 414 9.70E-31 149.2
C97606 100 74 0 0 12788 12861 271 344 3.80E-30 147.2
C73253 99.3 286 1 1 42747 43031 425 140 7.00E-152 551.6
C73253 100 142 0 0 43214 43355 142 1 1.00E-70 282
BI798584 100 267 0 0 14463 14729 252 518 3.00E-145 529.8
BI798584 99.1 116 1 0 13601 13716 137 252 8.00E-53 222.5
BF430535 100 259 0 0 105549 105807 35 293 2.00E-140 513.9
BF430535 100 112 0 0 106534 106645 473 584 8.00E-53 222.5
BF430535 100 99 0 0 106759 106857 585 683 4.60E-45 196.7
BF430535 100 65 0 0 106228 106292 354 418 9.00E-25 129.3
BF430535 100 64 0 0 106041 106104 291 354 3.50E-24 127.4
BF430535 100 60 0 0 106373 106432 414 473 8.60E-22 119.4
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Table 2

Continued

Subject % Alignment Gap Query Query  Subject  Subject E-value Bit score
ID Identity length Mismatches openings start end start end

D40524 99.6 235 1 0 82675 82909 235 1 8.00E-124 458.4
D40946 99.6 230 1 0 82680 82909 230 1 2.00E-121 450.5
AU090572  99.1 231 2 0 53526 53756 78 308 5.00E-119 442.6
AU163696 100 163 0 0 120870 121032 1 163 3.00E-83 323.6
AU163696 100 125 0 0 121227 121351 161 285 1.40E-60 248.3
AU183284 100 133 0 0 12464 12596 315 447 2.40E-65 264.1
AU183284 100 120 0 0 11103 11222 195 314 1.40E-57 238.4
AU183284 100 54 0 0 9806 9859 142 195 3.30E-18 107.5
AU093296  99.2 120 0 1 11103 11222 236 354 1.30E-54 228.5
AU093296 100 70 0 0 9591 9660 117 186 9.30E-28 139.3
AU093296 100 54 0 0 9806 9859 183 236 3.30E-18 107.5
AU173536 100 112 0 0 82229 82340 112 1 8.00E-53 222.5
BQ281772 100 108 0 0 120925 121032 72 179 2.00E-50 214.6
BE599115 100 108 0 0 120925 121032 85 192 2.00E-50 214.6
BE593685 100 108 0 0 120925 121032 76 183 2.00E-50 214.6
AW680979 100 108 0 0 120925 121032 63 170 2.00E-50 214.6
BG560418 99.1 108 1 0 120925 121032 85 192 4.80E-48 206.7
AU166259 100 84 0 0 29212 29295 356 439 4.10E-36 167
AU166259 100 38 0 0 28319 28356 322 359 1.20E-08 75.82
BI813425 100 79 0 0 83259 83337 466 388 4.00E-33 157.1
BM347731 100 77 0 0 120956 121032 736 660 6.20E-32 153.1
BM079469 100 77 0 0 120956 121032 615 539 6.20E-32 153.1
BI813794 100 77 0 0 83261 83337 476 400 6.20E-32 153.1
D39271 100 77 0 0 27502 27578 185 109 6.20E-32 153.1
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Table 2

Continued

Subject % Alignment Mis Gap Query Query  Subject  Subject E-value Bit score
ID Identity length matches  openings start end start end

B1245296 100 69 0 0 120964 121032 481 413 3.70E-27 137.3
BI813113 100 64 0 0 83274 83337 549 486 3.50E-24 127.4
BE643512 100 64 0 0 120969 121032 1 64 3.50E-24 127.4
AU082326 100 63 0 0 133964 134026 69 131 1.40E-23 125.4
BE593268 100 60 0 0 120973 121032 1 60 8.60E-22 119.4
BJ450012 100 59 0 0 48886 48944 9 67 3.40E-21 117.5
BQ667839 100 49 0 0 120984 121032 393 345 3.20E-15 97.63
BF292448 100 44 0 0 120986 121029 1 44 3.00E-12 87.72
BF145477 100 44 0 0 120986 121029 1 44 3.00E-12 87.72
BM368889 100 43 0 0 120987 121029 1 43 1.20E-11 85.73
BE639720 100 43 0 0 120990 121032 1 43 1.20E-11 85.73
BE426858 100 43 0 0 120987 121029 1 43 1.20E-11 85.73
BQ608952 100 41 0 0 120989 121029 23 63 1.90E-10 81.77
BQ606868 100 41 0 0 120989 121029 23 63 1.90E-10 81.77
BQ606799 100 41 0 0 120989 121029 23 63 1.90E-10 81.77
BQ606785 100 41 0 0 120989 121029 23 63 1.90E-10 81.77
BJ321890 100 41 0 0 120989 121029 809 769 1.90E-10 81.77
BJ210114 100 41 0 0 120989 121029 62 102 1.90E-10 81.77
BI125789 100 41 0 0 120992 121032 187 227 1.90E-10 81.77
BG313503 100 41 0 0 120989 121029 24 64 1.90E-10 81.77
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Table 3
List of Exons Derived from the Alignments of EST/cDNAs with AP005190
by Using SIM4

Gene Exon Exon begin—
no. no. Strand exon end Supported EST/cDNA
1 1 + *9475-9658 AU093296, AU183284
2 + 9808-9859 AU093296, AU183284
3 + 11104-11222 AU093296, AU183284
4 + 12464-12704 AU093296, AU183284, AU093845, C97606
5 + 12790-12857 AU093845, C97606, BI798584
6 + 12947-13019 AU093845, C97606, AU031146, BI798584,
AY072931
7 + 1360313715 AU093845, C97606, AU031146, BI798584,
AY072931
8 + 14463-14778* AU093845, C97606, AU031146, BI798584,
AY072931
2 2 - 24499-24137 AU173465
1 - 25990-25921 AU173465
3 3 - 27370-27214 D39271
2 - 27577-27502 D39271
1 - 27787-27678 D39271
3 1 + 27998-28354 AU166259
2 + 29214-29295 AU166259
5 2 - 43029-42747 C73253
1 - 43355-43215 C73253
6 1 + 46592-46677 AU173904
2 +  47222-47596%* AU173904
3 +  *48878-48950 BJ450012
4 +  49354-49793%* BJ450012
7 1 +  *53449-53756%* AU090572
8 1 +  *81944-82003 AU173536
2 +  82219-82340%* AU173536
3 +  *82407-82909 D40524, D40946
4 + 83253-83711 BI813425, BI813794
9 7 - 90106-90089* BF430535
6 —  105804-105550 BF430535
5 —  106103-106041 BF430535
4 - 106290-106228 BF430535
3 —  106432-106376 BF430535
2 - 106645-106535 BF430535
1 - *106857-106759 BF430535
10 1 + *120870-121031 AU163696, BQ281772, BG560418
2 + 121229-121436 AU163696, BQ281772, BG560418
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Table 3
Continued
Gene Exon Exon begin—
no. no. Strand exon end Supported EST/cDNA
3 + 121560-121626 BQ281772, BG560418
4 + 122609-122625* BQ281772, BG560418
11 1 + *133895-134146 AU082326
2 + 134200-134215* AU082326

*Might be an incomplete exon due to partial EST/cDNA.

Table 4
List of HSPs of AP005190 (Query) Against nr Database from BLASTX Output

Subject %  Alignment Subject Subject Query Query E-value Bit

ID Identity length start end  start end score
AAC19401 27% 212 225 376 16622 15987 4e-24 189
AAC19401 42% 69 371 439 15925 15719 4e-24  62.8
AAC19401 41% 51 66 116 18173 18021  0.11 44.7
AAC19401 38% 39 155 193 17145 17029  0.11 42.4
AAB17501 30% 213 223 377 16625 15987  2e-25  88.6
AAB17501 38% 70 372 441 15925 15716  2e-25 55.8
AAB17501 42% 50 66 115 18170 18021 1le-06  47.0
AAB17501 37% 37 122 158 17318 17208 7e-05  40.0
AAB17501 30% 36 157 192 17136 17029  7e-05  34.7
AAB17501 41% 31 32 62 18360 18268 1e-06  33.5
AAD27547 97% 1520 1 1520 62266 66825 0 2915
AAMO8795 98% 1520 265 1784 62266 66825 0 2942
AAMO8795 98% 203 1 203 61125 61733 le-113 414
AAK92543 97% 1520 194 1713 62266 66825 0 2929
AAK92543 97% 140 1 140 61314 61733  7e-73 281
BAB86564 98% 1100 1 1100 86635 83336 0 2175
AAD19359 32% 1065 832 1876 119222 116118 1e-129 466

Next, we ran “Nucleotide query—Protein db [BLASTX]” program. Select
“TRANSLATED query—PROTEIN database [BLASTX]” for Choose a trans-
lation options and nr for database options. Since the sequence is very long, we
submitted the sequence as three pieces (1-50 K, 50-100 K, and 100 K to rest)
to save running time, which was done by entering corresponding values of
each subsequence in “from” and “to” windows of Set subsequence options.
The rest of the values were left as default. Table 4 gives the list of HSPs from
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Table 5

Davuluri and Zhang

List of Consensus Exons Predicted by at Least Two Gene-Prediction Programs
in the Genomic Sequence with Accession No. AP005190

Ex. Begin—
Strand Type Ex. End Programs predicted
+ Intr 370-459 Genscan (A), Genscan (M), GeneMark.hmm (M),
Mzef (A)
+ Intr 668-712 Genscan (A), GeneMark.hmm (M)
+ Intr 802872 Genscan (A), GeneMark.hmm (M)
+ Intr 1501-1633 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 1945-2033 Genscan (A), GeneMark.hmm (M), Mzef (A)
- Term 4279-4049 Genscan (A), Genscan (M), GeneMark.hmm (M)
- Init 5382-5320 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Init 8153-8162 Genscan (A), Genscan (M)
+ Intr 9743-9859 Genscan (A), Genscan (M)
+ Intr  12464-12704  Genscan (A), GeneMark.hmm (M)
+ Intr  12790-12857  Genscan (A), GeneMark.hmm (M)
+ Intr  12947-13019 GeneMark.hmm (M), Mzef (A)
+ Intr  13603-13715  Genscan (A), Genscan (M), GeneMark.hmm (M),
Mzef (A)
+ Term 14463-14615 Genscan (A), Genscan (M), GeneMark.hmm (M)
- Intr  15500-15279  Genscan (A), Genscan (M), GeneMark.hmm (M)
- Intr  15912-15632  Genscan (A), Genscan (M), GeneMark.hmm (M)
- Intr  16226-16112  Genscan (A), GeneMark.hmm (M)
- Intr  16634-16347  Genscan (A), GeneMark.hmm (M), Mzef (A)
- Intr  16829-16779  Genscan (A), GeneMark.hmm (M)
- Intr  18173-18003  Genscan (A), GeneMark.hmm (M), Mzef (A)
- Intr  20200-19268  Genscan (A), Genscan (M)
- Term 24499-24380  Genscan (A), GeneMark.hmm (M)
- Intr  25684-25613  Genscan (A), GeneMark.hmm (M)
- Intr  25997-25921  Genscan (A), GeneMark.hmm (M), Mzef (A)
- Intr  27571-27141  Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Intr  29214-29427  Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr  30478-30644  Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr  31529-31653  Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr  32807-32902  Genscan (A), GeneMark.hmm (M)
+ Intr  32961-33009 GeneMark.hmm (M), Mzef (A)
+ Intr  33144-33198 Genscan (A), GeneMark.hmm (M)
+ Intr  39059-39180  Genscan (A), Genscan (M)
+ Term 41035-41106 Genscan (A), Genscan (M)
+ Init  43393-43699 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Intr  44245-44360 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr  44447-44535  Genscan (A), Genscan (M), GeneMark.hmm (M),

Mzef (A)
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Table 5

Continued
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Strand

Type

Ex. Begin—
Ex. End

Programs predicted

+ 4+ + + + + +

+ 4+ + + + + +

Intr
Intr
Intr
Intr
Intr
Intr
Intr

Term
Term
Intr
Intr
Intr
Intr
Intr
Intr
Intr
Intr

Init
Init
Intr
Intr
Intr
Intr
Intr
Intr
Term
Intr
Intr
Init
Sngl
Intr
Intr
Intr
Intr
Intr
Init
Intr

45293-45338
46050-46218
46595-46677
47222-47602
48259-48950
49354-49909
50151-50468

50751-50795
53795-53682
53973-53875
54140-54068
54335-54225
54605-54432
55400-54715
55547-55402
55814-55673
57329-55889

58233-57914
6090660917
61125-61718
62266-66693
67890-67955
6804668188
69099-69391
72191-73594
73703-73858
82264-82166
86635-83343
94228-94246
98915-97443
103554-103766
10103-106041
106290-106228
106432-106376
106645-106535
107034-106759
112457-112600

Genscan (A), GeneMark.hmm (M), Mzef (A)

Genscan (A), Mzef (A)

Genscan (A), GeneMark.hmm (M), Mzef (A)

Genscan (A), GeneMark.hmm (M), Mzef (A)

Genscan (A), GeneMark.hmm (M), Mzef (A)

Genscan (A), GeneMark.hmm (M), Mzef (A)

Genscan (A), Genscan (M), GeneMark.hmm (M),
Mzef (A)

Genscan (M), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M), Mzef (A)

Genscan (A), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), Genscan (M), GeneMark.hmm (M)

Genscan (A), Genscan (M)

Genscan (A), Genscan (M)

Genscan (A), Genscan (M), GeneMark.hmm (M),
Mzef (A)

Genscan (A), Genscan (M)

Genscan (A), Genscan (M)

Genscan (A), Genscan (M), GeneMark.hmm (M)

Genscan (A), Genscan (M), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)

Genscan (A), Genscan (M)

Genscan (A), Genscan (M)

Genscan (A), Mzef (A)

Genscan (A), Genscan (M)

Genscan (A), Genscan (M)

GeneMark.hmm (M), Mzef (A)

Genscan (A), GeneMark.hmm (M), Mzef (A)

Genscan (A), Genscan (M), GeneMark.hmm (M)

Genscan (A), Genscan (M), GeneMark.hmm (M)

Genscan (A), Genscan (M), GeneMark.hmm (M)

Genscan (A), GeneMark.hmm (M)
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Table 5
Continued
Ex. Begin—
Strand Type Ex. End Programs predicted

+ Intr 112696-113452 Genscan (A), GeneMark.hmm (M)

+ Intr 113495-114083 Genscan (A), GeneMark.hmm (M)

+ Intr 114248-114667 Genscan (A), Genscan (M), GeneMark.hmm (M),
Mzef (A)

+ Intr 114743-114802 Genscan (A), GeneMark.hmm (M), Mzef (A)

+ Term 115053-115739 Genscan (A) GeneMark.hmm (M)

- Term 118976-116094 Genscan (A), GeneMark.hmm (M)

- Init 119460-119294 Genscan (A), GeneMark.hmm (M)

+ Init  120929-121031 Genscan (A), GeneMark.hmm (M), Mzef (A)

+ Intr 121229-121436 Genscan (A), GeneMark.hmm (M), Mzef (A)

+ Term 121560-121680 Genscan (A), GeneMark.hmm (M), Mzef (A)

- Term 126660-126599 Genscan (A), GeneMark.hmm (M)

- Intr  126961-126811 Genscan (A), GeneMark.hmm (M)

- Init 127447-127307 Genscan (A), Genscan (M), GeneMark.hmm (M)

+ Init 129895-131341 Genscan (A), GeneMark.hmm (M)

+ Intr  132275-132331 Genscan (A), Mzef (A)

+ Intr 133577-133610 Genscan (A), Genscan (M)

In the column headings: type stands for type of exon; Init, Intr, and Term stand for Initial,
Internal, and terminal exons, respectively, and ex. stands for exon.

BLASTX output. The values in columns query start and query end would give
the regions in the genomic sequence AP005190 that may belong to probable
genes.

Finally, we submitted the genomic sequence AP005190 to four gene-finding
programs Genscan with Arabidopsis model, Genscan with maize model,
GeneMark.hmm with rice model, and MZEF with Arabidopsis model. Default
values were selected for other parameters for each of the programs used. As
none of the programs is good enough to predict the complete gene structure,
we considered only the exon predictions. We compiled the list of all consensus
exons that were predicted by at least two programs. We consider an exon as a
consensus prediction if there exists an overlapping region among the predic-
tions of at least two different programs. Table 5 gives the list of all such exons.

4. Notes

1. Despite great progress, gene prediction by computational approaches alone is
still far from perfect. The existing programs have reached a reasonable sophisti-
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cation in identifying >90% of the nucleotides in a given genome as coding or
noncoding (Stormo, 2000). We suggest using computational tools to identify a
nucleotide as either coding or noncoding. But, identifying the exact boundaries
of all the exons and assembly of the exons into different genes might be much
harder and is not possible by computational approaches alone. However, even
the partial predictions are of immense value to design the experiments that can
determine the complete gene structure faster than would be possible by experi-
mental methods alone.

Similarity-based methods (e.g., BLASTN, BLASTX) are perhaps the best to
determine a given region of the genome is transcribed or not. A BLASTN match
to a cDNA/EST or BLASTX match to a protein is good evidence that the region
belongs to a gene. However, these methods have their own limitations. Most of
the cDNAs or ESTs are incomplete and may contain one or more introns, which
could lead to misclassification of intron region as exon. Some cDNA sequences
may contain repetitive elements that will cause false genomic matches. Protein
databases may contain potentially incorrect predicted proteins. BLASTX matches
to predicted protein sequences should be avoided. Partial BLASTX alignment to
a target protein should not be considered, as the protein may not be a true ortholog
of the source gene and only shares some domains. We should note that the simi-
larity data (cDNA/EST data) is never complete. Even the most comprehensive
cDNA projects will miss low copy number transcripts and those transcripts whose
expression is low, cell- or tissue-specific, or expressed only under unusual condi-
tions.

Almost all gene finding programs can predict only protein coding regions and
have not been trained to predict untranslated exons and untranslated portion of
first and last coding exons.

Before running any gene-finding program, we suggest the use of programs such
as RepeatMasker, which identifies known classes of interspersed repeats, and
LINEs and SINEs, which exist in noncoding regions of the genome.

Most of the gene finding programs are based on statistical pattern recognition
methods that require a training data. This makes the program organism-specific
depending on the training data. So, while running a gene prediction program,
select the organism of the genomic sequence. If the program was not trained on
the organism of your choice, select the most closely related one. If the genome of
your choice does not exist and has low gene density, then there may be more false
positive predictions by choosing another genome with high gene density.
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Genomic Colinearity as a Tool for Plant Gene Isolation

Wousirika Ramakrishna and Jeffrey L. Bennetzen

Summary

Plant genomes show genomic colinearity in spite of the tremendous variability exhibited in
their genome size and chromosomal constitution. Comparative genetics can assist in isolation
of a mapped gene in a large genome plant species using a small genome plant as a surrogate.
Here, we describe various steps involved in the process of gene isolation using genomic colin-
earity. This involves fine resolution mapping in the large genome species and using common
low copy number DNA markers that map to orthologous regions in small and large genome
species to isolate candidate genes from the small genome species. Further, alternate strategies
are described in cases where the targeted gene is absent in the orthologous region of the small
genome species. We also discuss various technologies that can be used for the confirmation of
candidate genes.

Key Words

colinearity, comparative mapping, comparative sequence analysis, functional analysis, gene
isolation, genomic sequencing, rearrangement

1. Introduction

Plant genomes vary tremendously in genome size, chromosome number,
and chromosome morphology (1,2). In spite of the great diversity observed
among plant genomes, significant genomic colinearity has been revealed by
comparative genetic mapping (3,4). Most of the observed macro and
microcolinearity among plant genomes is limited to low copy number DNA
probes, primarily genes. The large genome sizes of important crop plants, such
as barley, maize, and wheat, can make map-based cloning extremely difficult
in these species. Hence, it may be easier to use comparative maps to isolate a
mapped gene from a large genome using a related plant with a small genome.
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Markers linked to the gene of interest and prior knowledge about colinearity of
this region between large and small genomes are essential to isolate a gene
using this approach.

The use of low copy number DNA markers as restriction fragment-length
polymorphism (RFLP) probes resulted in the generation of genetic linkage
maps of many important plant species. Comparative genetic maps based on
RFLP probes revealed extensive colinearity and conservation of gene order
and content among closely related plant species. This is especially striking for
the grass genomes (for instance barley, maize, rice, sorghum, and wheat) that
diverged from a common ancestor 50—70 million yr ago (mya). Further, quan-
titative trait loci (QTL) controlling important agronomic traits were also
mapped to colinear regions among grass genomes (5). The frequency of major
chromosomal rearrangements observed among genomes depends on the degree
of relatedness of the species investigated. In general, more closely related spe-
cies show fewer rearrangements, but there are notable exceptions (6,7). This
indicates that chromosomes in some lineages are less stable than others.

In dicotyledonous plants, colinearity has been observed in the Solanaceae
(e.g., pepper, tomato, and potato), the Brassicaceae and some leguminous spe-
cies (8-11). Despite the general colinearity exhibited by comparative genetic
maps, rearrangements that involve regions smaller than a few centiMorgans
may occur and would be missed by most recombinational mapping studies.
Comparative sequence analysis involving large genomic segments can detect
these rearrangements. In the grass genomes, investigations of microcolinearity
have been limited to a few regions (12,13). These sequencing studies have
revealed small rearrangements, including deletions, duplications, inversions,
and translocations of small gene blocks (14-19). In dicots, comparative geno-
mic structure analyses with DNA sequences are mainly limited to comparisons
of Brassica species and tomato to the completely sequenced Arabidopsis geno-
me (20-22). However, the ancestral Arabidopsis genome has undergone a high
frequency of chromosomal mutation and, thus, extensive genomic rearrange-
ment relative to distantly related dicots like soybean and tomato (23-26). This
complicates comparative genomic analysis using Arabidopsis. However, the
general conservation of gene content between Arabidopsis and most other
plants (27) often allows the use of Arabidopsis as a surrogate for gene isolation
in different plant species. Presumed orthologues of several Arabidopsis genes
have been cloned from cereal genomes using this approach (28).

Conservation of gene content and gene order among closely related plant
species greatly assists in gene identification and annotation. Even in closely
related plant genomes, whose ancestors diverged from each other <10 mya,
only genes are conserved in orthologous regions. All of the plant species with
large genomes studied to date have been invaded by retrotransposons within
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the last 6 million yr (29,30), and these sequences vary greatly between species.
Other sequences between genes also evolve rapidly (14,16,18,19,31). Hence,
plant species that diverged from each other >50 mya only have exonic regions
conserved among genes. This feature has been used to improve gene annota-
tion with great success (16,18,19). Gene structure can be predicted more accu-
rately using comparative sequence analysis than by the combined use of
expressed sequence tags (ESTs), homology to entries in protein databases, and
gene prediction programs (18,19). Conservation of genomic colinearity, gene
content, and order among plant genomes separated by less than 100 million yr
greatly assists in gene isolation from cross-species comparisons.

Differences in gene content are sometimes observed in otherwise
microcolinear regions of plant genomes (16,17,19,32). This phenomenon can
complicate gene isolation, but does not completely invalidate the approach.
Under almost all circumstances, a small genome species will provide numer-
ous DNA markers on a single bacterial artificial chromosome (BAC), which
permits more detailed mapping in the large genome species. Chromosome
walking involves identifying low copy number DNA markers that are tightly
linked to the gene of interest and using them as probes to screen large insert
BAC libraries to identify appropriate clones. Repeated rounds of such screen-
ing using low copy number regions from a series of BACs may be required to
identify overlapping clones extending toward the targeted gene. Chromosome
walking is often difficult with large genomes such as barley, maize, and wheat.
In these cases, related plant species with small genomes such as rice, which
show genomic colinearity with the large genome species, can be used to iden-
tify and isolate the desired gene. This approach has potential pitfalls, espe-
cially with respect to some disease resistance genes (33-35). Resistance gene
regions often undergo rapid rearrangement that results in a lack of
microcolinearity caused by deletion or translocation of the targeted loci. How-
ever, at the very least, the comparative genomic approach provides numerous
probes from one species, which can be used for gene mapping and isolation in
another species.

As physical maps become available, more accurate, and more detailed for
large genome species, the need for a small genome surrogate diminishes as a
map-based cloning tool. However, thousands of large genome plant species
have genes for important traits that have been mapped or can be mapped in a
comparative mode. Hence, these less-studied species will continue to have use
for a small genome surrogate. In this chapter, we describe methods for plant
gene isolation based on comparative genetic map and/or genomic sequence
information. This technique involves identification of colinear regions, fol-
lowed by clone selection, and finally, sequence analyses to identify the gene of
interest.
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2. Materials
2.1. General

1. High density genetic linkage maps of plant species that show colinearity and
from which the gene of interest is to be cloned. Low copy number DNA markers
tightly linked to the locus must be identified using a mapping population devel-
oped from a cross between two parents polymorphic for the gene of interest. It is
best if the mapping population is large, involving recombination through at least
200 (preferably >1000) recombinant meioses. Colinear genetic linkage maps for
different plant species can be found at (www.gramene.org), (Www.agron.
missouri.edu/maps.html), (www.arabidopsis.org), and (www.sgn.cornell.edu/
maps/tomato_arabidopsis_map.html).

2. BAC library filters (often available from [http://www.genome.clemson.edu] and
[http://hbz.tamu.edu/bacindex.html]).

N
N

. Standard Reagents and Buffers

All-in-one random prime labeling mixture (Sigma).

20x Sodium chloride sodium phosphate EDTA (SSPE).

20% Sodium dodecyl sulfate (SDS).

o-[32P] dCTP (3000 Ci/mmol) (Amersham Pharmacia Biotech).
Hybridization oven (Hybaid).

Restriction enzymes.

Tris-borate-EDTA (TBE) buffer.

Agarose (Invitrogen).

Horizontal gel electrophoresis unit (Maxicell).

Power inverter (MJ Research).

DNA size markers, midrange II pulsed-field gel (PFG) marker (New England
Biolabs), high molecular weight (Invitrogen), and 1-kb DNA ladders
(Invitrogen).

12. Nylon membrane, Hybond® N (Amersham Pharmacia Biotech).
13. Large construct kit (Qiagen).

14. 10 mM Tris-HCI, pH 8.5.

15. Hydroshear device (GeneMachines).

16. Mung bean nuclease (Amersham Pharmacia Biotech).

17. 25:24:1 Phenol:chloroform:isoamyl alcohol mixture (Sigma).
18. Isopropanol.

19. Shrimp alkaline phosphatase (Roche Molecular Biochemicals).
20. Tag DNA polymerase (Promega).

21. DarkReader™ (Clare Chemical Research).

22. QIAex®II gel extraction kit (Qiagen).

23. TOPO® TA cloning kit for sequencing (Invitrogen).

24. DHI10B electroMAX cells (Invitrogen).

25. Glass beads (Fisher Scientific).

26. Qpix colony picker (Genetix).

SOV X NN R WD —
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27.
28.
29.

30.
31.
32.
33.

2.3.
. Information about PHRED (base caller), PHRAP (assembler) and CONSED

384-Well culture trays (Genetix).

REAL prep 96 plasmid kits (Qiagen).

DNA sequencing kits, big dye terminator v3.0 cycle sequencing ready reaction
kit (Applied Biosystems); dGTP BigDye™ terminator ready reaction kit
(Applied Biosystems); dRhodamine terminator cycle sequencing ready reaction
kit (Applied Biosystems); DYEnamic ET terminator cycle sequencing kit
(Amersham Pharmacia Biotech).

ABI Prism™ 3700 DNA analyzer (Applied Biosystems).

Squeeky-Clean 96-well column plates (Bio-Rad).

Thermofidelase I (Fidelity Systems).

EZ::TN <TET-1> insertion kit (Epicentre Technologies).

Software and Computer

(graphical editor) is available at (http://www.phrap.org).

Gene prediction programs are available at (http://opal.biology.gatech.edu/
GeneMark/eukhmm.cgi), (http://genes.mit.edu/GENSCAN.html), and (http://
www.softberry.com/berry.phtml).

. The Web site for GenBank® is (http://www.ncbi.nlm.nih.gov) and that of

GeneSeqer is (http://gremlin3.zool.iastate.edu/cgi-bin/prg/gs.cgi). The Institute
for Genomic Research (TIGR) rice repeat database is available at (http://
www.tigr.org/tdb/rice/blastsearch.shtml).

3. Methods

3.1.

1.

Identification of Colinear Regions

The genetic map position of the targeted locus in the plant species with a large
genome size must be determined accurately by segregation analysis of the locus
with tightly linked markers. These markers should map to a colinear region in the
plant species with a small genome to enable isolation of the targeted locus. Com-
parative genetic linkage maps with common RFLP markers serve as the best start-
ing point. The maize genome is about 2400 Mb in size, corresponding to a genetic
map of about 2500 cM (36). This translates to an average of 1 Mb/cM for the
maize genome. A large mapping population of 5000 gametes with no recombi-
nants in the segregating progeny makes it likely that the targeted gene is present
within a 500-kb region. However, different regions of the genome can vary sig-
nificantly in their recombination frequencies. For instance, 1 cM may be dozens
of Mb near paracentromeric heterochromatin or <100 kb in a gene-rich region.
The rice genome has a size of 450 Mb and a genetic map of about 1600 cM (http:/
/rgp.dna.affrc.go.jp/ine.pl). This makes map-based gene isolation much easier in
rice than in maize.

In cases where the gene of interest is absent in the small genome (37,38), we can
use markers from the orthologous region in the smaller genome to fine-map in
the larger genome. The nearly complete rice genomic sequence provides abun-
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3.3.
. DNA from BACs is extracted using the large construct kit. The DNA is dissolved
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dant information for choosing suitable probes. The maize BAC libraries are
screened with suitable probes to identify BACs that harbor the gene of interest.

. The next step is to look for the presence of flanking markers (tightly linked to the

targeted gene) on contiguous BACs in maize. The results of such studies will
show whether overall colinearity is maintained in the region (see Note 1).

Clone Selection and Mapping

Several thousand clones from the small genome BAC library are screened for
individual clones that show homology to DNA markers mapped in the colinear
regions in different plant species.

Labeled probes are prepared using all-in-one random prime labeling mixture as
per manufacturer’s instructions.

. BAC library filters are hybridized with labeled probes using 5x SSPE and 7.5%

SDS at a suitable temperature (55°-65°C).

The filters are washed twice for 15 min each with 2x SSPE and 0.1% SDS. This
is followed by a wash at the hybridization temperature with 1x SSPE and 0.1%
SDS.

The filters are then exposed to X-ray films.

Positive BACs found in the BAC libraries are individually digested with restric-
tion enzymes with 8-bp specificities such as Ascl, Notl, Pacl, Pmel, and Swal.
Restriction fragments are separated by field inversion gel electrophoresis in 0.8%
agarose gels in 1x TBE buffer. The gels are run at 4°C for 14 h at 200 V using
program 2 on a programmable power inverter (see Note 2). Depending on the
size of the restriction fragments to be resolved on the gel, different size standards
can be used that include midrange II PFG marker, high molecular weight, and 1-
kb DNA ladders.

Fragments observed on the agarose gel are compared between BACs to identify
common fragments. All possible single and double digestions are analyzed with
the restriction enzymes with one or more sites within the BACs. The BACs will
form a single contiguous array (contig) if the probe hybridizes to only one region
in the genome. BAC libraries of polyploid genomes generally show BACs orga-
nized in more than one contig.

The DNA is transferred to nylon membranes and hybridized with suitable probes
to confirm that all the BACs are from the same locus. This also helps confirm and
orient the BAC contig.

Construction of Shotgun Libraries

in 120 pL of sterile water or 10 mM Tris-HCI, pH 8.5, and sheared with a
Hydroshear device to a size range of 4-8 kb as per manufacturer’s instructions
(see Note 3).

The sheared fragments are converted to blunt-ended fragments with mung bean
nuclease in a total vol of 50 uL at 37°C for 20 min. The DNA is extracted with a
phenol—chloroform—isoamyl alcohol mixture and precipitated with isopropanol.
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3.

4.

10.
1.

3.4.
. REAL prep 96 plasmid kits are used to prepare DNA minipreps from 1.3 mL

The DNA is dissolved in 40 uL of sterile water and dephosphorylated with shrimp
alkaline phosphatase in a total vol of 50 uL at 37°C for 1 h.

“A” tails are added by incubation with Tag DNA polymerase and dATP at 72°C
for 30 min.

The DNA is run through a 1% agarose gel under DNase-free conditions (see
Note 4). It is important not to expose the gel to UV-light, since it dramatically
reduces the number of clones obtained from the library. We use DarkReader to
view the gel and excise the agarose gel piece with the desired range of DNA
fragments.

The DNA is eluted in a small vol (6 uL) from the gel using the QIAex II gel
extraction Kkit.

. These fragments are cloned in the vector pCR4-TOPO using the TOPO TA clon-

ing kit for sequencing, following the instructions of the manufacturer.

The resulting DNA is transformed into DH10B electroMAX cells by
electroporation.

The cells are plated on 25 ug/mL kanamycin plates (Genetix) using glass beads
to improve colony dispersal.

The plates are incubated at 37°C for 16 h.

Colonies are picked using a Qpix colony picker into 384-well culture trays filled
with 60 uL of terrific broth culture medium plus 8% glycerol. After overnight
growth (14-18 h) at 37°C, cultures are frozen at —80°C until needed.

Sequencing

cultures grown in deep 96-well plates for 14—18 h at 37°C with shaking at 300
rpm. DNA is resuspended in 50 uL of water, with 4 uL used for each sequencing
reaction.

Clones are sequenced from both directions using big dye terminator chemistry
and run on an ABI 3700 capillary sequencer after terminator clean-up using
Squeeky-Clean 96-well column plates.

. Base calling and quality assessment are done using PHRED (39). Contiguous

sequences (contigs) are assembled by PHRAP once the coverage has reached 8-
12x, and the sequences are edited with CONSED (40). The final error rate is
estimated using CONSED.

Sequence coverage of 3—5x can generally identify candidate genes in the BAC
for further analysis. However, at this stage there are many contigs, and some
genes may not be present as full length in one contig. Also, if there are two RFLP
markers flanking a gene of interest, a rough draft may not give the exact location
of candidate genes relative to markers in the BAC or BAC contig (i.e., whether
candidate genes are present between the flanking markers or lie outside the mark-
ers). Completing BAC sequences is, thus, very useful (although expensive),
because it shows the precise location of all candidate genes in the BAC or BAC
contig.

To sequence the BAC completely, gaps are closed by a combination of different
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. The first step in the sequence analysis of colinear BACs (for instance, when a
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approaches, including the use of different sequence chemistries, the
thermofidelase enzyme, polymerase chain reaction (PCR) amplification of gaps,
shotgun sequencing of transposon-inserted subclones that span a gap, and direct
sequencing of BAC template (19). For different chemistries, reactions are primed
with custom oligonucleotides using drhodamine, Big Dye dGTP, and ET chemis-
tries.

Additional large-insert (8—12 kb) shotgun libraries are constructed (see Note 5)
when subclones that span gaps are not available.

. When gaps are due to repetitive regions, subclones that either start or end in

unique regions with the remaining portion in the repetitive region are assembled
separately and inserted into the main assembly (see Note 6).

Sequence Analyses and Annotation

colinear sorghum BAC is sequenced to isolate a gene based on the genetic map
location in maize) is the delimitation of regions that are conserved and not con-
served relative to rice. Conserved regions are usually or always genes, while the
unconserved regions are usually not genes (16,18,19,31).

Complete sequences from orthologous BACs are compared using the program
DOTTER (41) to identify the conserved regions (see Note 7).

Genes are predicted using multiple gene-finding programs such as
GeneMark.hmm, GENSCAN and FGENESH (see Note 8).

The basic local alignment search tool (BLAST) (42) is used to perform searches
of sequences from the BACs with National Center for Biotechnology Informa-
tion (NCBI) expressed sequence tags database (AbEST) and nonredundant data-
bases (www.ncbi.nlm.nih.gov/BLAST). BLASTN, BLASTX, TBLASTN, and
TBLASTX algorithms are used for this purpose (43).

Gene structure is best determined by a combination of the gene prediction pro-
grams mentioned above, along with GeneSeqer, which generates splicing align-
ments of significant ESTs with the BAC genomic sequence.

The conserved regions are generally limited to the exons (14,18,31) (see Note 9)
that encode proteins. The complete predicted cDNA and predicted protein are
determined from the annotated structure of the gene. The predicted cDNA is
aligned with ESTs to confirm the annotated exon—intron boundaries. The struc-
ture of the most homologous annotated gene (often from Arabidopsis) is then
used to further refine the gene structure.

. The criteria used to define a gene are (i) a match to a sequence in a protein data-

base using BLASTX (43); (ii) a match to ESTs or cDNAs, or (iii) a prediction as
a gene by two or more gene prediction programs (see Note 10). These criteria are
used after excluding identified transposons.

The presence of transposable elements is determined by BLAST searches to the
GenBank/European Molecular Biology Laboratory (EMBL) nr database and
TIGR rice repeat database. In addition, homology searches to known transpos-
able elements and sequence comparison to itself (same sequence comparison) are
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done using COMPARE, REPEAT, GAP (Wisconsin Package Version 10.1; Ge-
netics Computer Group, Madison, WI, USA), DOTTER, and cross-match (http:/
/www .phrap.org/phrap.docs/general.html). Transposons that are not highly de-
generate (44) will usually have numerous specific features that allow their iden-
tification. These include terminal inverted or direct repeats and short target site
duplications.

3.6. Confirmation of Candidate Genes

The possible functions of candidate genes can be investigated using several
independent approaches. Sequence analyses and annotation, as described
above, using comparative sequence analyses, gene finding programs, and
BLAST searches, identify putative genes. Sequence variations and gene struc-
ture analysis of the genes identified in the region, for instance in susceptible
and resistant lines in case of disease resistance genes, can help verify a candi-
date gene. For instance, preliminary mapping, cloning, sequencing, gene find-
ing, and BLAST searches identified two candidate genes for barley Rpgl.
These were tested by segregation analysis in 8518 gametes and by sequence
analysis in barley lines susceptible and resistant to stem-rust (38).

Additional experimental analyses can be performed to evaluate candidate
gene function. Several approaches can be used, as feasible, in the plant species
being investigated. These include mutation analysis and expression analysis.

3.6.1. Mutation Analysis

1. Analysis of knock-out mutations (for instance T-DNA or transposon insertions)
(see Note 11) (see also Chapters 10 and 11).

2. Wild-type lines that either have a nonfunctional or an overexpressed gene of
interest can be generated by transforming wild-type plants with antisense or sense
gene constructs.

3. RNA interference (RNA1) can be employed, where homologous double-stranded
RNA (dsRNA) is used to suppress a gene, generally resulting in a null phenotype
(reviewed in ref. 45).

4. Complementation studies, where a wild-type copy of the gene of interest is trans-
formed into the mutant to see if the T1 progeny yields wild-type phenotype and
whether this trait co-segregates with the transgene in subsequent generations.

5. Searching for point mutants by targeted induced local lesions in genomes (TILL-
ING) to provide an allelic series of mutations (46) (see also Chapter 15).

3.6.2. Expression Analysis

1. Tissue-specific expression of the genes can be studied using Northern analysis,
microarrays, reporter constructs, or reverse transcription-polymerase chain reac-
tion (RT-PCR) to see if the expression patterns agree with the predicted biology
of the targeted gene.
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4. Notes

1.

10.

1.

This assumption is true in most cases, although it’s accuracy varies between spe-
cies and across different genomic regions. For instance, comparative sequence
analyses of maize and rice or sorghum revealed that, on average, 80-90% of the
genes are colinear. However, this strategy will not work when colinearity is dis-
turbed by deletion or translocation of some genomic segments.

. The program has to be adjusted according to the band resolution desired on the

gel. To achieve optimal resolution, electrophoretic conditions must be standard-
ized.

. The speed code at which the shearing apparatus gives 4- to 8-kb fragments must

be optimized prior to shearing the BAC DNA.

. The TBE buffer should be autoclaved. The agarose gel piece should be excised

using a sterile razor blade.

. Large-insert library subclones are inoculated by hand into 96-well plates contain-

ing terrific broth and kanamycin. The colony size is small, so the colonies do not
grow well when inoculated using the Qpix colony picker.

. When repeats are almost identical, they tend to assemble in an incorrect manner.

In such cases, sequences have to be assembled under high stringency. In extreme
cases, manual assembly must be performed using the restriction map and large
insert subclones.

. Another useful program for sequence comparisons is Artemis Comparison Tool

(ACT) available at (http://www.sanger.ac.uk/Software/ACT).

However, if the gene is not present in the small genome surrogate, as observed in
the case of the barley stem rust-resistance gene Rpg/ lacking an orthologue in rice
(37), gene annotation using comparative sequence analysis cannot identify the
gene. In this case, the identified flanking markers from rice were essential in
delimiting the rpg/ locus genetically and physically in barley (47), leading to its
map-based isolation (38).

Closely related plant species whose ancestors diverged <10 mya may have
retrotransposons with significant identity in addition to genes.

The gene prediction programs often annotate retrotransposons and other transpos-
able elements as genes. These elements may also show homology to ESTs, since
some of them are transcribed. Therefore, it is important to identify these elements,
which contribute to false gene predictions.

Polyploid genomes have more than one copy for most genes. Also, many proteins
are encoded by multigene families or dispersed duplicated genes. Single gene
knock-outs may not show any phenotype or desired change due to the compensa-
tion of the function by the duplicated copy of the gene. In these cases, crosses
between two homozygous mutant lines with individual knock-out mutations of
duplicated copies of the gene would yield, in subsequent generations, a mutant
line that is homozygous for inactivation of both genes.
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Using Natural Allelic Diversity
to Evaluate Gene Function

Sherry R. Whitt and Edward S. Buckler, IV

Summary

Genomics has developed a wide range of tools to identify genes that play roles in specific
pathways. However, relating individual genes and alleles to agronomic traits is still quite chal-
lenging. We describe how association analysis can be used to relate natural variation at candi-
date genes with agronomic phenotypes. Association approaches in plants can provide very high
resolution and can evaluate a wide range of alleles rapidly. We discuss issues related to experi-
mental design, germplasm sample, molecular assay, population structure, and statistical analy-
sis necessary for association analysis in plants.
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1. Introduction

We describe a methodology for dissecting complex traits using association
analysis and natural diversity. In a high diversity species such as maize, asso-
ciation analysis has the potential to map quantitative trait loci (QTL) with up to
5000 times better resolution than mapping with standard F, populations (7). In
addition, association approaches may survey tens of alleles, whereas standard
mapping approaches survey a maximum of two alleles. Association approaches
do not require special mapping populations, but rely on the extensive history of
mutation and recombination to dissect a trait. The structure of linkage disequi-
librium (LD), which is the correlation between polymorphisms, and evaluation
of selection is key to utilizing association analysis (2,3).
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The use of extant natural diversity provides advantages in resolution and
breadth of survey, but can also present added difficulties in accurately assess-
ing the true cause of an association. The most serious false positives can result
when unlinked markers produce a positive association because of underlying
population structure. The complex breeding history of most crops and the lim-
ited gene flow in most wild plants creates population stratification within the
germplasm (4).

In recent years, a few statistical methods have been developed that use inde-
pendent marker loci as a means of detecting and correcting for population struc-
ture (5,6). These methods work on the assumption that population structure
should affect all loci in a similar manner. Reich and Goldstein (6) propose
scoring a moderate number of unlinked genetic markers (e.g., single nucle-
otide polymorphisms [SNPs] or simple sequence repeats [SSRs]) and then com-
paring the strength of the candidate gene association with those of the unlinked
markers. We have utilized a modified approach designed by Pritchard et al.
(7,8), which incorporates a test statistic of likelihood ratios that includes esti-
mates of subpopulation allele frequencies and evaluates quantitative traits (7).

A standard procedure for carrying out association analysis on candidate
genes is as follows (see Fig. 1):

1. Select positional candidate genes using existing QTL and positional cloning stud-
ies.

2. Choose germplasm that will capture the bulk of diversity present. When possible,

inbred lines should be used.

Score phenotypic traits in replicated trials.

Amplify and sequence candidate genes.

Manipulate sequence into valid alignments and identify polymorphisms.

Obtain diversity estimates and evaluate patterns of selection.

Statistically evaluate associations between genotypes and phenotypes taking

population structure into account.

NownkEwWw

2. Materials
2.1. Germplasm

Sample at least 100 inbred lines of germplasm (for a maize example, see
[http://www.maizegenetics.net]). For high resolution do not choose closely
related samples. In order to test for selection in a crop, collect one sample from
a sister taxon to function as an outgroup for the Hudson, Kreitman, and Aguade
(HKA) test (9).
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3.9.3

Associ
A
3.10(1)

Check LD Structure and
Rank Associations by Func

.10(2) 3.10(3) 3.10(4)

Molecular & Reevaluat Prod
chemical A New Popu NI

Fig. 1. Association study employs techniques from molecular biology, field sam-
pling-breeding, bioinformatics, and statistics. The steps necessary to associate a par-
ticular genotype with a phenotypic trait are illustrated. Above each step is a numeric
reference to the relevant text. The gray arrow linking “Evaluate LD” and “Choose
Germplasm” signifies the potential need to revise the choice of germplasm once the
structure of LD is known.

2.2. Primer Design

Primer3.0 (http://www-genome.wi.mit.edu) and PCR-Overlap (http://
droog.mbt.washington.edu) provide oligonucleotide design for Linux or Unix®
operating systems.
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2.3. PCR

1. FailSafe™ system (Epicentre): 2x premixtures labeled A—L; contain dinucleotide
triphosphates (ANTPs), Tris-based buffering solution, varying amounts of MgCl,,
and betaine (see Note 1).

2. FailSafe enzyme: 2.5 U/uL, a mixture of polymerases with proofreading capa-

bilities (see Note 2).

Genomic DNA (33 ng/uL) (purified with DNeasy™ plant maxi kits [Qiagen]).

Primers.

5. QIAquick™ 8 PCR purification kit (Qiagen) (see Note 3).

W

2.4. Cycle Sequence

1. BigDye™ chemistry (Applied Biosystems) (we dilute enzyme with dilution
buffer for quarter reactions). Dilution buffer (halfTERM dye terminating
sequence [Sigma] or Half-Dye™ mixture [Denville Scientific]) (see Note 4).
High-performance liquid chromatography (HPLC) water.

Purified PCR template (see Subheading 3.6.6.).

Primers (see Subheading 3.6.1.).

DyeEx™ terminator removal kit (Qiagen).

A

2.5. Sequence Manipulation Software

1. PHRED and PHRAP versions from CodonCode (http://www.codoncode.com/)
are used to assess sequence quality and contig (join) sequences (10).

2. Biolign (Tom Hall [http://www.mbio.ncsu.edu/BioEdit/bioedit.html]) is used to
edit multiple alignments of contigs and evaluate SNPs. Biolign is a custom soft-
ware package. MegAlign from DNASTAR and Sequencher™ from GeneCodes
(http://www.genecodes.com) offer some similar features.

2.6. Software for Testing for Selection

Statistical analyses for several tests of selection are performed with DnaSP
3.0 (http://www.bio.ub.es/~julio/DnaSP.html), which has a user-friendly
interface (11), and SITES (http://lifesci.rutgers.edu/~heylab) (12).

2.7. Association Analysis Software

1. Population structure software: STRUCTURE (http://pritch.bsd.uchicago.edu) is
an excellent program to estimate population structure (7).

2. LD software: Arlequin (http://lgb.unige.ch/arlequin) can handle a wide range of
markers and sequences (13). It can also calculate LD from genotypic data. DnaSP
(http://www .bio.ub.es/~julio/DnaSP.html) manages numerous DNA sequences
and can plot LD (11). PowerMarker (http://www.powermarker.net) can incorpo-
rate a wide range of markers and genotypic data and can produce plots of LD.
TASSEL (http://www.maizegenetics.net) has the capability to cope with a wide
range of markers, sequences, and plot LD.

3. Association software: SAS (http://www.sas.com) is a general purpose statistical
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software package and can carry out a wide range of statistics useful for associa-
tion analysis. STRAT (http://pritch.bsd.uchicago.edu) can be used for testing
association of binary traits across structured populations (8). TASSEL (http://
www.maizegenetics.net) can perform analysis of variance (ANOVA) and logis-
tic regression association tests that control for population structure.

3. Methods

3.1.
1.

3.3.

Polymerase Chain Reaction

Combine the following, scaling vol for number of reactions desired, to produce
25 uL total vol reactions (add genomic DNA subsequently): 12.5 ul 2x
premixture, 7.0-9.0 u. HPLC-grade water, 1.0 uL-20 uM forward primer, 1.0
uL 20 uM reverse primer, 0.5-1.0 uL Tag DNA polymerase, and 1.0-3.0 uL
genomic DNA.

Amplify the above reaction in a thermal cycler.

Purify PCR product using QIAquick 8 PCR purification kit (see Note 3).

. Cycle Sequence

. Prepare a standard reaction as follows in 10 uL total vol: 2 uL. terminator enzyme,

2 uL dilution buffer, 4 uL PCR template, and 2 uLL 3-5 uM primer.
Sequence reactions are cleaned via DyeEx terminator removal kit (for cycle pro-
file see Subheading 3.6.6.).

Selection of Positional Candidate Genes

Choosing candidate genes, i.e., those genes most likely to contain the poly-
morphism responsible for the phenotype, is one of the most critical steps in
conducting association analysis. However, candidate gene selection is currently
as much an art as a science. We refer to candidate genes that fall within QTL
intervals as positional candidate genes. QTL mapping often has limited resolu-

tion,

but is an excellent way to narrow the search for candidates to specific

chromosomal regions. Focusing on positional candidate genes will maximize
the opportunity to find associations. The major aspects of choosing genes are:

1.

3.

Collect a list of genes that affect the phenotype of interest. Mutagenesis, biochem-
istry, various profiling technologies, comparative genomics, and positional clon-
ing techniques—studies can aid in the identification of genes. Create a list of
chromosomal positions for these candidate genes.

Collect a list of map positions of QTL for the trait of interest over all previous experi-
ments. Various databases such as MaizeDB (http://www.agron.missouri.edu) and
Gramene (http://www.gramene.org) provide a good starting point for determin-
ing these positions. A candidate gene should not be ruled out if only one or two
populations have been mapped.

Compare the two lists and generate a list of all known genes with potential phe-
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notypic effects in QTL confidence intervals. These positional candidate genes
with the most neighboring QTL are most likely to have segregating variation at
the locus. These positional candidate genes should be sampled first.

3.4. Choice of Germplasm
3.4.1. Phenotypic Diversity

The choice of germplasm is crucial to the discovery of useful alleles. In
order to have enough statistical power to find an association, it is critical that
the samples span the full range of phenotypic variation. To maximize the range
of alleles tested, a genotypically diverse set of germplasm should be chosen.
When available, marker or phenotypic surveys can be used to choose a subset
of the germplasm that is most diverse. Software such as MSTRAT (http://
www.ensam.inra.fr/gap/MSTRAT/mstratno.htm) and PowerMarker provide
methods for helping to choose the germplasm. From a practical level, we found
that a sample of 100 diverse inbred lines has enough statistical power to iden-
tify associations that control 10% of the phenotypic variation (I). Larger
samples and/or more replications of phenotypic evaluation could be used to
identify associations with smaller effects. Although geneticists are forced to
do association studies with outbred populations, inbred lines provide a number
of advantages to plant researchers. Inbred samples allow direct identification
of haplotypes throughout the genome, generally have more consistent pheno-
types than segregating populations, and provide evaluation of phenotype with-
out the complications of dominance. In some species, core sets of germplasm
have been defined and characterized, and these are excellent starting points for
association studies.

3.4.2. Resolution and LD

The choice of germplasm will also determine the resolution of association
approaches. Highly diverse germplasm has an extensive history of recombina-
tion, which can result in high-resolution association analysis. However, high
resolution will require a high marker density to identify associations. Resolu-
tion of associations is directly related to the structure of LD (14). LD is the
correlation between pairs of polymorphisms. One simple way to estimate LD
between pairs of sites is to calculate 7> (15). The average distance between
polymorphisms, at which 2 drops below 0.1, is a rough estimate of the resolu-
tion within a specific population. The rate of LD decay in most cases needs to
be determined empirically for any given population (2,16) (see Note 5). How-
ever, the rate of LD decay may also be locus-specific, as differences in recom-
bination rate, mutation rate, and selection history can affect LD patterns.
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3.4.3. Germplasm Population Structure

The final consideration in selecting the sample population is whether to use
randomly or nonrandomly mated germplasm. Unfortunately, there is little truly
randomly mated breeding germplasm available, other than a few unselected
synthetic populations. Many of these randomly mated populations represent a
rather narrow group of germplasm, which is likely to lower resolution and har-
bor only a narrow range of alleles. However, if nonrandomly mated germplasm
is used, population structure needs to be controlled in the statistical analyses.
In addition, the genome for each sample population should be genotyped with
SSRs, SNPs, restriction fragment-length polymorphisms (RFLPs), random-
amplified polymorphic DNAs (RAPDs), or amplified fragment-length poly-
morphisms (AFLPs) to provide an estimate of population structure (see
Subheading 3.9.1.). Our experience has been that 50-150 markers generally
provide good estimates of population structure. The ideal markers are either a
modest number of SSRs or large numbers of SNPs, while if resources are lim-
ited, AFLP may provide a good compromise.

3.5. Phenotypes

We test for associations between polymorphisms with a wide range of agro-
nomic and physiological phenotypic traits. The phenotypic data comes from 2
to 3 field seasons of randomized plots with 10-15 plants per row, replicated
across multiple environments. The measurement of phenotypic traits needs to
be a balance of simplicity in data collection, biological relevancy, and repro-
ducibility.

3.6. Gene Amplification and DNA Sequencing

Once a candidate gene has been identified, the researcher carries out a set of
standard procedures including various molecular techniques. A general guide-
line is as follows:

Design compatible primer pairs from candidate gene sequence.

Employ PCR to amplify the target.

Verify product from PCR by agarose gel electrophoresis and purify the DNA.
Obtain a DNA sequence product directly from the PCR product, by using com-
mercially available labeling chemistry and enzymes (see Subheading 3.6.5.).
Clean up sequencing reactions to eliminate excess dNTPs, enzyme, and buffer.
6. Determine nucleotide sequence by electrophoresis (see Note 6).

e

hd

3.6.1. Primer Design

1. Define a “standard” allelic sequence for primer design and future alignments (see
Subheading 3.7.2.).
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2. Design a series of overlapping primers, based on the standard allelic sequence,
across the gene via PCR-overlap in conjunction with Primer3 (see Note 7). Typi-
cal coverage is usually in 1-kbp fragments of the gene. Primers may also be
designed manually by visual inspection of sequence and apply the general rules
of primer design. Generate forward and reverse primers approx 18-25 bp in
length with similar melting temperature (T,,) (near 60°C) and order from one of
several companies offering this service (see Note 8).

3. Resuspend lyophilized forward and reverse oligonucleotides at a standard stock
concentration of 100 uM in 1x Tris-ethylene diamine tetraacetic acid (EDTA)
buffer and store at —80°C. Oligonucleotides should be further diluted to a work-
ing stock concentration of 20 uM for PCR and 3-5 uM for cycle sequencing, both
of which should be stored at —20°C.

3.6.2. Optimization of PCR

1. Attempt initial PCRs by combining various primer sets and buffer conditions at
an annealing temperature gradient from 50°-60°C. Utilize genomic DNA from a
few representative test samples before including the entire population. Buffers
containing a range of MgCl, and betaine are evaluated for optimal amplification
(see Note 9).

2. A standard PCR program carried out on a thermal cycler may include: 5 min
denaturation at 96°C, followed by 25-35 cycles of: 30 s denaturation at 96°C, 30
s annealing at 50°-65°C, and 30 s to 4 min extension at 70°~72°C; a final exten-
sion at 70°-72°C for 5—-10 min, and hold at 4°C. A typical PCR program will take
from 2—4 h (see Note 10). Annealing temperatures are set a couple of degrees
below the primer melting temperatures, and extension times are delineated by the
size of the expected PCR product using the 1 min/1 kbp rule.

3. When optimal buffering conditions and annealing temperatures are found, the
remainder of the sample population is included along with numerous negative
and positive controls in subsequent PCR (see Note 11). Increased product amount
can be obtained by scaling up the total reaction vol to 50 uL.

4. Most PCR products can be directly sequenced from inbred lines, because all loci
are homozygous. Some researchers may wish to compare sequence diversity
between domesticated species and wild relatives (e.g., Zea mays ssp. mays and
Zea mays ssp. parviglumis). Due to the heterozygous nature of wild relatives, we
clone the PCR product before sequencing.

3.6.3. Agarose Gel Electrophoresis

Once PCR is completed, check the product for the correct band size and
amount by agarose gel electrophoresis with ethidium bromide staining. Utilize
a mass ladder as a standard to determine size and quantity of product frag-
ments. Add 6x loading dye to the mass ladder and samples prior to electro-
phoresing the samples at an appropriate voltage. Visualize the products by UV
transillumination (see Note 12). When more than one product is obtained, the
correct fragment may be excised from the agarose gel with a sterile blade.
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3.6.4. Purification of PCR Product

PCR product will yield quality sequence data only when all enzyme, primer,
and other reagents are removed from the reaction. Final products are purified
with a vacuum manifold in an 8-strip format. The procedure takes approx 20
min for 48 samples. Product is eluted into a 96-well plate and maintained at
—20°C until the template is sequenced.

3.6.5. Cloning Gene Fragments

TOPO® TA cloning kit (Invitrogen) provides superior success rates. The
PCR product is ligated into an approx 4-kbp vector with thymidine overhangs
and transformed into chemically competent Escherichia coli One Shot®
TOP10® (which provides both ampicillin and kanamycin resistance, as well as
blue-white colony screening). To prepare small quantities of DNA, we use
Qiagen’s QIAprep® 8 turbo miniprep kit. TOPO TA cloning and transforma-
tion takes approx 2 h and overnight growth in an incubator at 37°C. The mini-
preparation by vacuum manifold takes 30 min to complete. Ultimately, clones
are stored as glycerol stocks in 96-well format at —80°C.

3.6.6. Cycle Sequencing

Sequence reactions should follow standard protocols for the chemistry and,
in general, take approx 2 1/2 h to complete.

1. The sequence reaction is set up in a 10-uL total vol (see Subheading 3.2.).

2. The amount of template used should equate to approx 30-50 ng of DNA.

3. A typical cycle sequence program is: 92°C for 30 s, 50°C for 30 s, and 60°C for
4 min, repeated 25 times, then maintain at 4°C until removal from thermal cycler.

4. Sequence product is cleaned up to eliminate excess enzyme and primer. Prepack-
aged kits are available with a procedure that takes approx 20 min (see Subhead-
ing 3.2.).

5. DNA Sequence is obtained by Model 3700 capillary electrophoresis (Applied
Biosystems) in a 96-well format. Sequence products are light-sensitive. Keep
exposure to a minimum.

3.7. Sequence Manipulation

Sequence manipulation involves database handling of trace files, applying
quality scores to individual bases, and contiging (joining) and aligning
sequence data.

3.7.1. Join Sequence Fragments

DNA sequence is received as trace files of the chromatograms and text files
of the nucleotide sequence. The trace files are sorted by gene and sample to
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individual gene folders, accordingly. Quality scores and contigs are obtained
using the CodonCode versions of PHRED and PHRAP (see Note 13). The
quality scores are reported in spreadsheet format as the total number of bases
with a Phred score of 20 or higher for a particular sample. Sequences with
more than 400 bases with scores of 20 and higher are included in the align-
ment. CROSSMATCH is used to remove vector sequence if fragments were
cloned. Phrap contigs the sequences to produce an “.ace” file, which contains
nucleotide reads and associated Phred scores.

3.7.2. Align Sequences

.ace files are aligned in the software program Biolign. When possible, a
published sequence is used as the standard in a framework around which the
alignment is built. The standard sequence can be used to delineate base call
differences in any of the sequenced samples. Phrap quality coloring indicates
the quality of sequence, by highlighting specific bases with different colors
based on phred quality scores <30. Regions with low quality (e.g., <Phred 20)
are converted to the missing data symbol “?” or “N.” Prior to calculating diver-
sity indices, introns and exons are delimited, and then the annotated contiged
sequence is saved in the NEXUS file format.

3.8. Evaluation of Diversity and Selection

The power to detect associations depends on genotyping, genetic architec-
ture, and accurate phenotypic evaluations. If there are complications with any
of these three factors, there may be little statistical power in relating a gene to
a specific phenotype. However, the signature of artificial selection can also be
used to provide evidence that a specific gene is important for controlling phe-
notypic variation. If a gene has been a target of selection through the domesti-
cation and breeding process, then it is likely to control an agronomic phenotype
and could be useful in future breeding and genetic manipulation. Nucleotide diver-
sity surveys can powerfully detect several forms of selection. We describe two
tests of selection that can be useful in finding genes that play key roles in phe-
notypic variation. The Tajima’s D test evaluates diversity within a species to
find evidence of selection, while the HKA test compares nucleotide diversity
within a species to the nucleotide difference with a related species. Diversity
and selection estimates can be obtained as follows:

1. DnaSP enables the user to calculate several indices of genetic diversity, diver-
gence, and selection. Generate an aligned nucleotide sequence with codon
assignment in NEXUS file format (see Note 14).

2. Calculate diversity measures for the sequence data. We report m (the average
number of nucleotide differences per site between two sequences) and 0 (similar
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to m, but focuses on the number of segregating sites) for nonsynonymous and
synonymous sites and LD (see Subheading 3.9.2.).

3. Perform tests of selection. Tajima’s D test statistic compares diversity based on
average number of differences (i) vs the number of segregating sites (8), hypoth-
esizing all mutations are selectively neutral (17). The statistic may also reflect
demographic changes or population structure, so caution is needed in interpret-
ing these results.

4. The HKA test examines the ratio of intraspecific diversity to interspecific diver-
gence using an outgroup (9). The outgroup species should have diverged just
before the time when the alleles within the target species began diverging (see
Note 15). Within the DnaSP program, a second data window must be opened
containing the outgroup sequence. The test is calculated by comparing silent 6
and silent K (divergence). A low value relative to other loci suggests that selec-
tion, specifically, has reduced diversity at a particular locus. Neutral loci are
needed for comparison in this test.

5. A significant selection test may mean little molecular variation with which to
find associations. These tests indicate that selection has occurred, but they are
generally ambiguous as to why selection has occurred.

3.9. Statistical Applications to Find Genotype-Phenotype Associations
3.9.1. Estimate Population Structure

If the samples are not randomly mated, it is critical that population structure
be included in the association analysis. The STRUCTURE software is a good
way to estimate population structure for association approaches.

1. Convert genotypic marker data (e.g., random SSR or SNP data throughout
genome) to STRUCTURE format (see Note 16).

2. Run STRUCTURE and test with one population, continue to increase the popula-
tion number until the maximum likelihood is identified. Cycles (100,000) for
both burn-in (the period where the model explores the parameter space) and like-
lihood estimation seems to work well. At least five repetitions should be con-
ducted for each population size (see Note 17).

3. Extract the Q matrix from the optimal result for later use (see Subheading 3.9.3.).

3.9.2. Evaluate LD

Understanding the structure of LD for a specific locus will, in turn, reveal
the association resolution possible at that locus. For example, if LD decays
within 1000 bp, then 1 or 2 markers per 1000 bp will be needed to identify
associations.

1. DnaSP, Arlequin, or TASSEL will calculate LD between pairs of polymorphisms
(r? or D'). Use any one of these programs to calculate all pairwise estimates of
LD.
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2. Plot the distance between the polymorphisms in basepairs vs LD (e.g., 7%). From
this plot, one can estimate the point at which r? is below 0.1 (a rough estimate of
the resolution of the association study).

3. Plot the strength of LD between all pairs of sites, which can be graphically done
in PowerMarker or TASSEL. The graph will identify blocks of high LD and will
show which sets of sites are highly correlated. Association approaches will have
trouble differentiating between blocks of highly correlated sites.

3.9.3. Evaluate Associations

1. Filter polymorphisms: the segregating sites need to be extracted from the
sequence alignments either by hand or by programs such as TASSEL and DnaSP.
Normally, polymorphisms that are present in less than three samples or with a
frequency <5% are not included in the analyses. These low frequency polymor-
phisms may be the product of PCR or sequencing error. Additionally, there is
rarely enough statistical power to test for association at these low frequency poly-
morphisms. Insertions and deletions also need to be identified and coded for
analysis. TASSEL does this automatically, while DnaSP ignores this type of poly-
morphism.

2. Randomly mated samples: when samples are truly randomly mated, no correc-
tion for population structure is required. If the trait is binary (e.g., yellow vs
white kernels), then a series of chi-square tests (%) can be used to evaluate
whether the segregating polymorphisms associate. If the trait is quantitative, then
a series of r-tests or ANOVA can be used to evaluate the associations (see Note
18).

3. Structured samples: when population structure is present, statistical analysis must
account for it. If the trait is binary, the STRAT program can be used to evaluate
the associations. If the trait is quantitative, either SAS or TASSEL can be used to
implement the logistic regression ratio test. In the null hypothesis Hj, candidate
polymorphisms are independent of phenotype; while in the alternative hypoth-
esis H;, candidate polymorphisms are associated with the phenotype. The prob-
ability of each hypothesis is compared in the following way:

A= Prl(C;T,AQ)
Pr,(C;Q)
Where C is the genotype of the candidate polymorphism for all lines, and T is the
trait value for all lines. In this test, the difference in the natural logarithm likeli-
hoods of the model with (Pr;) and without (Pry) the trait is the test statistic A (see
Note 19). Since the distribution of A is not known precisely, permutations should
be used to determine significance. If several sites with high LD are being scored,
then the maximum A over all sites is used as the test statistic A,,,,. Permutations
are calculated based on this A, statistic.

4. Permutations to determine significance: these statistical tests will result in a P-

value associated with each polymorphism-trait pair. However, for many associa-
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tion tests, there will be 10s or 100s of polymorphisms to test. The normal modi-
fication for multiple tests would be a Bonferroni correction, however, this is far
too conservative for highly correlated polymorphisms. The goal of permutations
is to determine the number of independent tests, which is confounded by LD, and
account for nonnormality in trait distributions. The trait values should be per-
muted relative to the fixed haplotypes (18), and then associations recalculated for
100-1000 permutations. Pritchard et al. (8) suggests permutations based on popu-
lation structure, and this approach is implemented in STRAT and TASSEL.
Compare the permuted P-value to the distribution of P-values for random mark-
ers across the genome. In some cases, the estimates of population structure do not
explain all of the structure. Subsequently, the random markers used for estimat-
ing population structure could be used, as could data from unrelated candidate
genes. The candidate gene P-value could be rescaled based on the P-values for
the random markers. For example, if the candidate gene had a P-value of 0.03,
but 7% of the random markers had a P-value <0.03, then the candidate genes P-
value could be rescaled to 0.07. This is probably a conservative test, as some of
the random markers are likely to be truly associated with the trait.

3.9.4. Evaluate Associations Using TASSEL

Outlined below is a step-by-step example of how to use TASSEL to carry

out association tests with structured populations. TASSEL can work with data
stored in databases, but in this example, we describe TASSEL use with flat
files (unclick the DB button in the main window).

1.

Download and install the program by going to (http://www.maizegenetics.net).

2. Create a sequence alignment in PHYLIP format or CLUSTAL format. Many

sequence editors can produce these alignments, such as CLUSTALW or BioEdit.
Load the sequence alignment into TASSEL by clicking the Data button and then
the Gene button and selecting your alignment file.

Create text files in the format described in the TASSEL help section for the popu-
lation structure matrix (Q matrix from 3.7.1) and the trait data. Load the trait file
by clicking on the Trait button, and the Q matrix by clicking the Pop button. It is
critical that taxa names are exactly the same for the sequence alignment, Q matrix,
and trait matrix.

Remove the invariant and low frequency sites from the sequence alignment by
selecting the sequence alignment and clicking the Sites button. We normally
examine sites with a minimum frequency of 0.05, as less frequent sites often
have little power to detect significant results with samples less than several hun-
dred taxa.

. Join the filtered alignment with the Q and trait matrices by selecting all three

matrices and the clicking the M Join button, which will produce the intersection
of these datasets.
Click Analysis and then Struct. Assoc. to carry out a structured association analy-
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sis. Use the arrows to move the Q matrix values to the Pop Structure Estimate
list. Generally at least 1000 permutations should be run.

7. These results will be summarized in two reports. The first report summarizes the
results for the entire data set and accounts for the multiple tests conducted. The
second report provides information on how individual sites were associated.
Results may be viewed in tabular or graphical format by clicking the Results
button.

3.10. Interpretation of Genotype-Phenotype Associations

Once an association is empirically determined, the validity of the associa-
tion must be ascertained.

1. Which associating polymorphisms most likely control the trait? First, it is critical
that genotypes be rechecked, and results should be examined to determine if phe-
notypic outliers are driving associations. Association studies will often find mul-
tiple polymorphisms that significantly associate. Carefully examining the LD
structure surrounding the association can help identify this suite of polymor-
phisms and where more sampling may be needed. Although the most significant
site is the most likely cause for the association, many of the slightly less signifi-
cant sites could actually be the functional cause of the phenotypic variation. We
find that breaking the polymorphisms into likely functional (biologically signifi-
cant) vs likely silent is useful in developing lists of sites for future evaluation.
Radical coding sequence changes, changes in conserved promoter motifs,
changes within splicing motifs, and large insertions—deletions are generally put
in the likely functional list.

2. The most straightforward way to prove an association is to evaluate the candidate
polymorphisms in an entirely different population sample. Only polymorphisms
that are closely linked to the cause of a phenotype should be significant in a
second study. It is important that the population structure of the second sample is
truly independent of the first sample. Only the candidate polymorphisms need to
be retested in the new sample. In maize, we are using randomly mated synthetic
populations for reevaluation of association studies.

3. In some cases, associations will suggest a molecular or biochemical mechanism
of action. Following-up hypotheses generated by association analysis with
molecular biology and biochemistry can be very productive, but it should be
warned that association studies could be picking up on effects that only explain a
few percent of the variation. Many biochemical and molecular approaches may
not be quantitatively sensitive enough to detect such small changes at a molecu-
lar level.

4. Final proof of the association can be obtained through marker-assisted selection
and production of near isogenic lines (NIL).
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3.11. Conclusions

Mapping with F, or derived populations is powerful for evaluating two alle-
les with low resolution. In contrast, association analysis can evaluate numer-
ous alleles at high resolution. These two approaches are complementary. The
successful integration of these two approaches will allow the rapid dissection
of almost any trait within a few years time. The key to association analysis is
the choice of germplasm, quality of phenotypic data, and use of statistical
analyses to control for population structure. The combination of association
mapping and QTL mapping could make it routine to dissect complex traits
down to the single gene level.

4. Notes

1. Maize is particularly GC-rich and requires additional components for optimal
PCR; the FailSafe system is expensive, but allows for easier optimization as nec-
essary reagents are premixed and contain a wide range of concentrations.

2. We have had success with Tag DNA polymerase (no proofreading) as well.

3. These kits provide exceptional product for subsequent cycle sequencing, but are
fairly expensive. Phenol-chloroform extraction is also used as an inexpensive
alternative.

4. We tried a homemade recipe, but achieved 100-200 fewer bases with sequence
results. Others have had success with a solution containing Tris, MgCl, at pH 9.0,
and water.

5. Inmaize for example, LD decays within 600 bp for landraces of maize (16), within
2000 bp for diverse breeding inbred lines (2), whereas LD persists up to 100,000
bp for elite inbred lines (14).

6. We typically obtain 500-600 bp reads on average from a Model 3700 analyzer.
Alternate sequence methodologies are available, such as Model 377 and
MegaBase technologies.

7. We include a library of common repetitive elements in the mispriming library,
which seems to improve efficiency especially for longer amplicons.

8. We use Operon Technologies, Illumina, and Oligos, etc., for primer synthesis.
Primer is delivered at room temperature in pellet form. We order at the 50 nmol
scale with no additional purification.

9. Epicentre technologies does not provide specific information on reagent concen-
trations for the Failsafe 2X premixtures. The “midrange” refers to premixtures
“D,” “E,” “F,” and “G.”

10. Often a PCR thermal cycler program utilizing a two-step or touchdown method is
superior. This methodology allows increased specificity of primer annealing by
carrying out the first 10 cycles at a fairly high annealing temperature (e.g., 60°—
65°C) and the remaining cycles at a temperature approx 7°~10°C lower, aimed at
boosting the yield (e.g., 50°-58°C).

11. Optimization of PCR largely depends upon the gene under investigation, espe-
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cially GC content and inherent diversity. Ultimately, we have found that the more
difficult a particular inbred line is to amplify, the more interesting the nucleotide
sequence. Quite often, certain inbred lines require separate optimization to obtain
PCR product, and even then, sequencing can require “line-specific” primers where
highly polymorphic regions exist. We strive to obtain 2x coverage over the entire
gene for almost all the samples.

12. We gauge the bandwidth to determine appropriate elution vol on purification by
rough visual quantification. Mainly, we check to ensure there is a single band of
the expected size present. Typically, we use 30 ng DNA/reaction for sequencing.
Even less concentrated product may yield adequate sequence results. Only very
weak bands, as visualized by gel electrophoresis, will yield poor results (e.g., <15
ng DNA/8 uL PCR product).

13. PHRED and PHRAP allow base calling and assembly of DNA sequence by simple
Fourier methods.

14. Gaps are treated as missing data, and all sites at those positions are excluded from
analyses; gaps in exons may alter the translation.

15. For example, in maize we use Tripsacum, which diverged from maize about 5
million yr ago, while the allelic diversity in maize is roughly 1 to 2 million yr old.

16. If inbred lines are being used, we set the second allele to missing (-9) as it elimi-
nates the Hardy-Weinberg part of the model, and helps reconstruct the population
structure before the inbreeding.

17. Sometimes the model seems to split off individual taxa, however, these single
taxa populations are not very useful for controlling population structure. The user
may want to try the Q matrix based on the population number before the indi-
vidual taxa populations are split off.

18. The described approach analyzes individual sites, however, the analysis of
haplotypes can also be powerful statistically. There are many approaches in the
human genetic literature that could be used.

19. The SAS script for the test is as follows:

proc logistic data = indata outest = resultHO;
model testPolymorphism = Q1 Q2; run;
proc logistic data = indata outest = resultH1;
model testPolymorphism = trait Q1 Q2; run;
Then the difference of LNLIKE_ of both tests is used as the test statistic.
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Quantitative Trait Locus Analysis
as a Gene Discovery Tool

Michael D. McMullen

Summary

Quantitative trait locus analysis has been a mainstay approach for obtaining a genetic
description of complex agronomic traits for plants. What is sometimes overlooked is the role
quantitative trait locus (QTL) analysis can play in identifying genes that underlay complex
traits. In this chapter, I will describe the basic steps required to conduct QTL analysis in crop
plants. This process involves choices by the investigator on type of population to be studied,
molecular marker system to be used to genotype the population, and methods for QTL analysis.
Examples of cloned genes, first identified as QTL, are also given to persuade the reader of the
power of QTL analysis to discover genes controlling traits and phenotypes.

Key Words

QTL, candidate gene, molecular markers, SSR, RFLP, SNP, NIL maize, agronomic traits,
genetic mapping, positional cloning

1. Introduction

The past 15 yr have seen an explosion of information on the structure, orga-
nization, and gene functions of plant genomes, including the development of
high-density molecular marker maps. One application of new mapping tech-
nologies has been the genetic dissection of quantitative agronomic traits with
much greater precision than was previously possible (I). Using quantitative
trait locus (QTL) analysis, a description of the number, genetic effects, and
chromosomal positions for genes underlying many agronomic traits have been
obtained. We have clearly entered a new era with the application of genomics
to crop improvement. The plant research community now has substantial
expressed sequence tag (EST) resources, physical map resources, and access to
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bioinformatic tools for most major crops, along with full genome sequence of
both dicot, Arabidopsis thaliana, and monocot, rice (Oryza sativa L.) models.
Much of the excitement surrounding genomics is the promise that genomics
provides for systematic gene discovery, and in using genomics, we can finally
reach the “Holy Grail” of cloning and characterizing genes controlling agro-
nomic traits. As recently demonstrated by the cloning and characterization of
QTLs from tomato (Lycopersicon sp.) (2) and rice (3), QTL analysis can be a
powerful complementary technology with genomics to “discover” and isolate
the genes of most interest to the agronomist. It is the innate ability of QTL
analysis to identify those genes that regulate or control variation in phenotypic
expression, the raw material of the plant breeder, that requires the integration
of QTL and genomic approaches for crop improvement. There are numerous
excellent reviews of QTL methodology (4-6). In this paper, I address some of
the considerations and practical choices that face the scientist wishing to use
QTL analysis for identifying the genes underlying agronomic traits. I will out-
line the choices the investigator needs to make in population structure,
molecular marker type, and trait analysis necessary to identify QTLs and dis-
cuss QTL analysis in the context of gene discovery.

2. Materials
2.1. Germplasm

For QTL analysis, the researcher starts with inbred lines that differ for phe-
notypic expression of the trait of interest.

2.2. Molecular Marker Analysis

A detailed protocol for performing restriction fragment-length polymor-
phism (RFLP) analysis in maize (Zea mays L.) (easily adopted to other plants)
is found at (http://www.maizemap.org/rflp_protocols.htm).

A detailed protocol for performing simple sequence repeat (SSR) analysis
for maize is available from (http://www.maizemap.org/ssr_methods.htm).

For construction of genetic maps, one needs to obtain a copy of MAPMAKER/
EXP, copyright 1992, The Whitehead Institute for Biomedical Research (see
Note 1).

2.3. QTL Analysis

For single-factor analysis of variance, the most commonly used statistical
software package is SAS, with information available at (http://www.sas.com).
For interval mapping (IM) and composite interval mapping (CIM), we use
QTL CARTOGRAPHER available from (http://statgen.ncsu.edu/statgensoft_
qtl.html). An excellent alternative software is PLABQTL (7), which is available
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from the authors by anonymous file transfer protocol (ftp) as described in the
paper cited.

3. Methods
3.1. Choice of Starting Germplasm

QTL are population-specific, therefore, the choice of starting germplasm
will determine the QTLs identified. Researchers in crop improvement have the
distinct advantage in that the starting materials can usually be inbred lines. The
standard protocol is for the investigator to screen a large number of lines for
the trait of interest (sometimes hundreds) to identify specific lines that differ
widely for phenotypic values for the trait. While this approach practically guar-
antees QTL will be discovered and is fine for discovering the major QTL con-
trolling traits, the investigator needs to consider whether the variability
uncovered will be meaningful for subsequent goals of crop improvement. Many
very negative alleles for traits may have already been eliminated from elite
germplasm, and therefore, picking the poorest possible inbred for a trait may
lead to discovery of QTLs that are fixed for the better allele(s) within breeders
lines.

3.2. Population Structure

In searching for QTLs in crop plants, most populations involve crosses of
inbred lines. This maximizes linkage disequilibrium and greatly simplifies
identifying polymorphic markers and in assigning genotypes, because the origi-
nal phase of all alleles can be defined directly from parental screenings. The
appropriate population structure for a particular QTL experiment is influenced
by a number of factors, including sample variance in measuring the trait, self-
incompatibility with the species, and time available to develop the population
before initiating the study.

3.2.1. Backcross Population

A backcross (BC) population is formed by making an initial cross followed
by crossing the resulting F; plant with one of the original parents. This popula-
tion type is often used in making populations between cultivated and wild spe-
cies, where self-incompatibilities prohibit selfing plants. This population
structure is easy to score and analyze, but because a full array of possible geno-
types are not present and recombinant chromosomes are only captured from
one side of the cross, BC populations are less powerful for QTL detection than
F, or recombinant inbred line (RIL) populations. In addition, BC populations
are particularly weak in detecting interactions between loci (epistasis). Another
weakness of BC populations is the lack of replication in scoring phenotypes
from individual plants.
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3.2.2. F, Population

An F, population is developed by making the initial cross between two
defined parental lines, usually inbred, followed by selfing of the F; plant to
produce F, seed. One then derives both genotype and phenotype information
from the F, plants. This is a powerful population structure for QTL detection,
in that the full array of genotypes is present at each locus. This structure, there-
fore, permits estimates of additive and dominance effects at the QTL detected.
The major weakness of an F, population is the lack of replication in scoring the
phenotypes. The degree to which this is an issue depends on the trait under
study (see Note 2). For traits such as yield or measures of insect resistance,
sampling variance is too great to routinely use an F, population structure. This
limitation can be overcome by selfing the F, plants to derive F, 5 lines that can then
be planted in replicated trails. Although genetic variability remains among the
individuals within a specific F,.; line, this is generally of secondary impor-
tance relative to the reduction in phenotypic sampling error (see Note 3).

3.2.3. Recombinant Inbred Lines

Recombinant inbred lines are developed by repeated generations of selfing
with each line starting from an individual F, plant. A standard level of selfing
is six generations, at which the lines are homozygous for alleles at >98% of
their loci. Because recombination events are captured between residual het-
erozygous regions during the cycles of selfing, an RIL population contains
essentially the same number of crossovers as an F, population of similar size.
A great benefit of an RIL population is that the genotypes of the lines are fixed,
and therefore, once genotypes for a population are determined, the population
can be used for any number of replications or measured for any number of
different traits under specific growth conditions. Dominance values cannot be
measured directly within an RIL population but, if desired, can be determined
by developing BC populations with each of the original parent inbred lines
(see Note 4). When one considers two unlinked loci in a RIL population, there
will be four genotype classes of equal frequency. This distribution of genotype
classes makes RIL populations very powerful for detecting two-locus epistatic
interactions (8).

3.2.4. Population Size

There is always the same question at the start of any QTL project: “How
large a population should I do?” This question is usually answered more by
practical constraints than theoretical considerations of the power to detect
QTLs. The main constraints are the cost of genotyping and the difficulty and
cost of obtaining the phenotypic trait data. For a trait such as plant height in
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maize, where gathering the phenotypic data is easy and inexpensive, constraint
on the population size would come from the genotype cost. However, for a trait
such as soybean cyst nematode resistance, which is labor- and time-intensive
to score, the logistics of screening lines set a practical boundary on population
size. Regardless, it is important for the researcher to consider how population
size affects ability to detect and accurately estimate QTL effects. In a paper
that is required reading for anyone contemplating a QTL experiment, Beavis
(9) demonstrated that population sizes of 100-200 individuals, typical of most
early QTL experiments, have very limited power to detect QTLs of small to
moderate effects. He also demonstrated that for the QTLs detected, the QTLs’
effects were generally greatly overestimated. With the advent of SSRs and
other efficient marker systems, population sizes of at least 300 individuals
should be the norm.

3.2.5. Phenotypic Data

The importance of accurate and relevant phenotypic data to the outcome of
any QTL study cannot be overemphasized (see Note 5). The goal of QTL stud-
ies is to gain a genetic description of a particular trait or process. The removal
of all possible environmental, sampling, and correlated trait variance is neces-
sary to obtain the meaningful results.

3.3. Marker Analysis

Once the population is developed and trait data are obtained, the next step is
to determine genotypes for all the individuals in the population.

3.3.1. RFLP

RFLP analysis was the critical technology breakthrough that enabled rou-
tine QTL analysis in crop plants (10). The RFLP method was adapted to essen-
tially all crop species. The loci detected by RFLPs can be scored in a
co-dominant manner and are transferable between populations. While RFLP
analysis has been largely replaced by polymerase chain reaction (PCR) meth-
ods in the major crop plants, it remains a useful tool in secondary crops with
limited genomic tools and is still the method of choice in establishing and uti-
lizing cross-species syntenic relationships for QTL analysis.

3.3.2. S5R

SSRs, also commonly known in the animal-medical sciences as
microsatellites, consists of direct tandem repeat of 2—6 nucleotides in length
(11). Polymorphism is detected based on PCR primers designed to flank the
repeat unit and to amplify a defined fragment containing the SSR. The number
of repeat units evolves rapidly, leading to SSR markers exhibiting high poly-
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morphism rates. Because they are PCR-based, SSR markers hold many advan-
tages over RFLPs. The amount of DNA needed for assays is greatly reduced,
there is no radioactivity involved in the assay, and because assays can be con-
ducted in microtiter-plate format, SSR analysis is easier to conduct on a large
scale than RFLPs. Because polymorphisms are detected as length differences,
SSR markers provide co-dominant genotype information and, once mapped,
are fully transferable between populations. There are two predominant formats
for assaying SSR polymorphism. The first format is to resolve polymorphic
fragments on agarose gels followed by staining with ethidium bromide. The
advantages are low cost, simple equipment requirements, and ease of protocol
setup and operation. The second major assay system is to use fluorescent-
labeled primers and resolve PCR products on either gel-based or capillary-
based automated DNA sequencers (12,13) (see Note 6).
Our protocol for SSR mapping with agarose gels is as follows:

1. Array DNA of the individuals in the mapping population into a 96-well stock
plate at 10 ng/uL.

2. Transfer 50 ng DNA of each into wells of a 96-well thin-wall microtiter plate
along with: 1x PCR buffer, 2.5 mM MgCl,, 0.4 mM each dATP, dCTP, dGTP,
and dTTP, 50 ng each forward and reverse SSR primers, 0.3 U AmpliTaq Gold®
(Applied Biosystems) or Platinum Tagq (Invitrogen), sterile water to a total vol of
15 uL, and overlay with drop of mineral oil.

3. The PCR program is: 10 min at 95°C; then one cycle of 95°C for 1 min, 65°C for
1 min, 72°C for 90 s; 1°C decrement in annealing temperature per cycle until
annealing temperature is 55°C (this takes 10 cycles); then 30 cycles of 95°C for 1
min, 55°C for 1 min, 72°C for 90 s.

4. Resolve SSR products on 3 to 4% super-fine resolution (SFR) agarose gels
(Amresco) by electrophoresis at 115 V or 2 to 3 h depending on size of SSR
products. The SFR gels are made in 1x TBE (90 mM Tris-borate, | mM EDTA, pH
8.3). Ethidium bromide (1 mg/mL) is added immediately before gels are poured.
Used gels can be melted by microwave and reused many times (>40 times).

5. Photograph gel with charge-coupled device (CCD), we find it easiest to post an
electronic copy of the gel image to an NT network to be scored at a later date.

3.3.3. Multilocus PCR

Although both amplified fragment-length polymorphism (AFLP) (14) and
random-amplified polymorphic DNA (RAPD) (15) methods generate geno-
types at multiple loci per PCR, their utility for QTL analysis has been limited
by lack of transferability between populations, making it difficult to complete
full genome coverage. Also, AFLP and RAPD markers are scored as dominant
markers and, therefore, are of lower information content if mapping in popula-
tion structures with heterozygous individuals.
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3.3.4. Single Nucleotide Polymorphism

The most common type of polymorphism in any species is the single nucle-
otide polymorphism (SNP). SNPs may occur in crop plants as frequently as 1
out of 100 nucleotides in maize (16). There is currently intense activity to
define SNPs in the major crop species and to develop high-throughput assays.
Because of the potential for automation, the development of SNP assays and
providing SNP genotyping services is an area of intense commercial activity.
It is anticipated that SNPs will soon become the most common genotyping
method in the major crops, and because of the economy of scale, it may soon
be cost efficient to “contract out” genotyping for a QTL project rather than
conduct it within one’s laboratory. Currently, there are a large number of meth-
ods for SNP genotyping. In our laboratory, we perform a multiplex primer
extension assay using the ABI SnapShot™ Kit (Applied Biosystems) as per
manufacturer’s recommendations (www.appliedbiosystems.com). As with
fluorescent SSRs, the products of the SnapShot kit can be resolved on either
gel-based or capillary-based DNA sequence systems.

3.3.5. Marker Summary

For the investigator entering QTL analysis today, the most practical marker
system will usually be SSRs. Information on the public SSR resources for ma-
jor crops is readily available through the species-specific genetic databases
(see Note 7). In the near future, SNP genotyping should become a cost-effec-
tive alternative.

3.4. QTL Analysis
3.4.1. Map Construction

As will be discussed in the next section, both IM and CIM require a genetic
map of the experimental population for analysis. Clearly, the quality of one’s
results are dependent on the quality and completeness of one’s genetic map.
Even if the investigator is going to conduct single-factor analysis, which does
not require a map, constructing linkage maps for the regions of interest allows
for the examination of chromosome coverage and serves as a check on geno-
type quality (see Note 8). Although the program is old and no longer actively
supported, the most commonly used program for genetic map construction
remains MAPMAKER/EXP. This program supports maps for BC, F,, and RIL
populations (see Note 9).

The steps for constructing a genetic map with MAPMAKER/EXP are as fol-
lows:

1. Establish a .raw import file with all your genotype and trait data as outlined in the
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manual. Start program using the prepare command. Set mapping function com-
mand to Haldane’s, use print names on command to track results by marker names
instead of number, use photo on command to make a text copy of all subsequent
steps.

2. Execute the group command to use two-point analysis to form linkage groups.
We start with the default setting of likelihood of odds (LOD) 3.0 and 50 cM for
inclusion into a group. If more groups than chromosomes are obtained, one can
extend (with caution) to 60 or 65 cM to see if multiple initial groups will merge.

3. Look at the markers present in each linkage group to determine which groups
correspond to which chromosomes—linkage groups. Use make chromosome com-
mand to define chromosomes and anchor command to designate groups to chro-
mosomes.

4. Use the order command to resolve marker order within a chromosome. Examine
the order to see if chromosomes are “right side up.” If not, use sequence com-
mand to reverse order of markers. Once you have markers in proper order, use
the framework command to make a “frameworked” chromosome. You must have
a framework chromosome for each named chromosome for MApMAKER/QTL or
QTL CARTOGRAPHER to conduct a full genome search for QTL.

5. Use error detection on and genotypes commands to get a visual output for all the
cross-overs within your population. Examine the output for markers with high
numbers of double recombinations around specific markers that should then be
checked for genotyping errors.

6. Resolve genotyping errors discovered by step 5 and redo steps 1-4 to redraw an
accurate genetic map.

The question always comes up as to how dense a map is desired for QTL
experiments. In a standard QTL experiment of 200-300 individuals, a reason-
able marker density for initial analysis is about 15 cM between markers. Little
additional power is gained in increasing marker density beyond this level,
because there are then not enough recombination events to further refine QTL
position with additional markers (17).

3.4.2. QTL Analysis

There are three basic methods of QTL analysis: single marker, IM, and CIM.
In single-marker analysis, tests are performed separately for each marker to
test if the genotype class is significant for the phenotype values for the trait of
interest. This method cannot provide an accurate estimate of QTL position,
and therefore, estimates of QTL effects are confounded by the actual position
of the QTL relative to the marker. The introduction of the MaPMAKER/QTL
software (18) partially solved the issue of QTL position by using the linkage
map for the QTL experiment and maximum likelihood estimates to scan a chro-
mosome for the position of highest probability for the QTL. With the position
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known, better estimates of QTL effects are possible. However, the positions
and genetic effects of the QTLs detected by IM can be confounded by the
presence of other linked QTLs or by nonrandom segregation of other QTLs in
the population. These two limitations with IM are addressed with CIM (7,19).
In CIM, significant markers in the population, identified by regression analy-
sis, are used as cofactors in determining maximum likelihood estimates for
QTL, and therefore, effects of other QTL are taken into account. This often
allows separation of a single broad region of QTL identified by IM into two
QTLs by CIM. The two most commonly used implementations of CIM in
public software are QTL CARTOGRAPHER and PLABQTL. Our laboratory makes
extensive use of the QTL CARTOGRAPHER, which has a clear and detailed on-line
manual (http://statgen.ncsu.edu/qtlcart/cartographer.html), that is often
updated.

The basic steps in performing CIM using QTL CARTOGRAPHER are as fol-
lows:

1. Build a linkage map with MapPMAKER/EXP as detailed in Subheading 3.4.1. The
.raw and .maps files from MapMAKER/EXP serve as the starting files for QTL
CARTOGRAPHER.

2. QTL CARTOGRAPHER is operated as a set of subprograms, each with a set of lines
that can be set by the user. Unless specified, we start with the default setting for
lines. We use the Rcross, Rmap, Srmapqtl, Zmapqtl, and Zmapqtl with permuta-
tions programs to conduct a standard CIM analysis.

3. Import the genotype, trait, and map data (.raw and .maps) into QTL CARTOGRA-
PHER with the routines Rcross and Rmap. Set a name for the project for all the
output files using the “change Filename stem” line on the first program you
execute. All subsequent output files will be named with that project name for
easy tracking. For the UNIX® system, it often requires executing the Rcross and
Rmap programs twice before the data are accepted.

4. Select cofactors for use in CIM forward—backward regression with the program
SRmapqtl (see Note 10). SRmapqtl will need to be executed for each trait under
study. This can be done in one step by setting the trait number at one greater than
the total number of traits present in the .raw file. The results of the SRmapgqtl
analysis are presented in the .sr file.

5. Conduct CIM with Zmapqtl under Model 6 (set “model” line to 6) using all
cofactors identified by SRmapgqtl. This is done by setting the “number of cofac-
tors” line to a number greater than the number of cofactors that were detected by
SRmapgqtl. Set chromosomes to analyze to “0” to conduct a full genome scan. The
output from Zmapqtl is in an output file named .z

6. Execute Egtl to summarize QTL results for ease to finding significant regions.

7. Conduct CIM with Zmapqtl as in step 5 with permutations set at 1000 to deter-
mine genome-wise thresholds as described below.
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Once one has conducted CIM, the investigator is faced with the decision of
choosing the threshold for declaring the presence of a QTL. In the early days of
QTL analysis, the thresholds were generally arbitrarily set. This often resulted
in setting thresholds dependent on the outcome of the analysis, rather that the
other way around, leading to a large number of reported QTLs of questionable
validity. Sanity was introduced to this problem with the implementation of
permutation or bootstrap protocols for empirically determined threshold levels
specific to the population under study (20,21). We prefer permutation analysis
as performed in step 7 above, because it maintains all genetic map and trait
population parameters. In permutation analysis, the trait values are randomly
reassigned to individuals, and CIM is performed, each reiteration giving a value
for the highest false QTL detected. We have conducted this analysis for a num-
ber of populations and traits for maize, and the P = 0.05 experiment-wise
threshold is most often in the range of log LOD ratio of 3.3-3.6, much higher
than the thresholds used for most QTL studies reported in the literature (see
Note 11).

3.5. Cloning QTL

We have entered the era in which genes, identified first as QTLs, are being
cloned and characterized. I will discuss three examples that show the power of
using QTL analysis for gene discovery. These examples are cloning of fw2.2 in
tomato (2), and Hd! (3), and Hd6 (22) in rice. In all three examples, the steps
from QTL to gene are similar.

1. “Mendelize” the QTL by backcrossing to develop a near isogenic line (NIL),
where only the region of the QTL is heterozygous, removing the genetic varia-
tion caused by other QTL.

Develop a fine-structure map in a large (1000-3000) population of the NIL.
Transfer the genetic fine-structure map covering the QTL onto a physical map.
Sequence to identify the candidate gene(s) within the defined region.

Confirm the candidate gene as the basis of the QTL by transformation of the gene
into a genetic background that allows complementation of phenotype.

b

The fiw2.2 QTL was identified as a major QTL for fruit weight in tomato.
The fiw2.2 gene was cloned by the process outlined above and was demon-
strated t