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Introduction 

Cloning of exogenous DNA into bacterial artificial chromosomes (BACs) pro
vides a new approach to the analysis of the genomes of higher organisms [1]. 
BAC libraries containing large genomic DNA inserts are important tools for po
sitional cloning, physical mapping and genome sequencing. A number of human 
and plant BAC libraries have been constructed (e.g., human: [2], Arabidopsis: 
[3], rice: [4], sorghum: [5]). Bacterial artificial chromosome vectors utilize the 
E. coli single-copy fertility plasmid and can maintain genomic DNA fragments 
up to 350 kb. Very little or no rearrangement of the inserts or chimerism have 
been observed [1, 5-7]. Other systems for the cloning of large DNA fragments 
have been developed. The development of yeast artificial chromosome vectors 
(YAC: [8]) permits cloning of fragments of greater than 500 kb. However, some 
disadvantages of the YAC system include a high degree of chimerism and insert 
rearrangement that limit its usefulness [9-11]. Systems based on the bacterial 
F-factor (BAC: [1]) and bacteriophage PI (PAC: [12]) have much higher clon
ing efficiencies, improved fidelity, and greater ease of handling as compared to 
the YAC system. Table 1 shows a comparison between the two most common 
large DNA fragment cloning systems, YACs and BACs. Because of BAC clone 
stability and ease of use, the BAC cloning system has emerged as the system of 
choice for the construction of large insert genomic DNA libraries. 

Table 1. Comparison between YAC and BAC cloning systems. 

Features 

Configuration 
Host 
Copy number/cell 
Cloning capacity 
Transformation 
Chimerism 
DNA isolation 

Insert stability 
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YAC 

Linear 
Yeast 
I 
Unlimited 
Spheroplast ( :s 107 TI J-Lg) 
up to 40% 
Pulsed-field-gel-electrophoresis -
Gel isolation 
Unstable 

BAC 

Circular 
Bacteria 
1-2 
up to 350 kb 
Electroporation ( :s 10 IO T/ J-Lg) 
None to low 
Standard plasmid miniprep 

Stable 



RAe vectors 

The basic structure of BAC vectors is derived from the bacterial F factor (Fig
ure 1). This backbone contains four essential regions that function in plasmid 

BamHI SphI HindUI 

Not I Not I 

SaLI 

pBeloBACll 

parB 7.5 kb 

oriS 

repE 
Fig. I. Diagram ofpBeloBACll vector. The plasmid is based on a mini-F plamid, pMBOl31 [16]. 

CMR = chloramphenicol resistance. 

stability and copy number [13]. parA, parR, and pare are required for ParFIA 
partitioning. parR and pare are also required for incompatibility with other F 
factors. oriS is the origin of RepFIA replication and is unidirectional. repE en
codes RepFIA protein E that is autoregulatory and essential for replication from 
oriS. A chloramphenicol resistance gene was incorporated for antibiotic selec
tion of transformants. The most widely used BAC vector, pBeloBACll, has the 
three unique cloning sites Hindill, RamHI and SphI within the lacZ gene and 
thus allows identification of recombinants by colony color through Q' comple
mentation [2]. 

Additional BAC vectors have been derived from pBeloBACll and are listed 
in Table 2. pECSBAC4 [14] has an unique EcoRI cloning site and pBACwich 
(Choi et aI., in preparation) has a promoterless hygromycin gene for transfor
mation into plants. BIBAC2 is capable of replicating in both E. coli and A. 
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Table 2. Existing BAC vectors. 

Name Cloning sites Recombinant Features Reference 
selection 

pBAClO8L HindIII, BamHI none [I] 
(6.7 kb) 
pBeloBACII HindIII, BamHI, SphI lacZ [2] 
(7.5 kb) 
pECSBAC4 EcoRI, Hindill, BamHI lacZ [14] 
(9.3 kb) 
BIDAC2 BamHI sacBII Plant transformation [15] 
(23.5 kb) via Agrobacterium 
pBAC wich Hindill, BamHI, SphI lacZ Plant transformation Choi et aI., 
(II kb) via site-specific unpublished 

recombination 
pBACe3.6 BamHI, Sad, SacII, sacBII High copy number de Jong et al., 
(11.5 kb) MluI, EcoRI, Availl is available unpublished 
pClasper homologous LEU2 Yeast and bacteria [17] 
(9.7 kb) recombination in yeast shuttle vector 

tumefaciens and has the characteristics of the Ti plasmid DNA [15]. pBACe3.6 
allows positive selection for insert-containing BAC clones through inclusion of 
the sacBll gene. Additionally, pBACe3.6 contains a 'pUC-link' that increases 
the copy number of the vector for plasmid purification prior to BAC library con
struction (de Jong et aI., 1997: http:// 128.205.167.214/ cgi-binl vector-query? 
Vector= pBACe3.6 &Choice=I). 

Plant transformation BAC vectors 

DNA transfer into plants has been accomplished by several methods including 
Agrobacterium-mediated transformation, electroporation, biolistic bombard
ment, and microinjection. BAC vectors have been engineered for transformation 
of large DNA inserts into plant genomes. BIBAC (binary bacterial artificial 
chromosome) has been designed to replicate in both E. coli and A. tumefaciens 
and has all of the features required for transferring large inserts of DNA into 
plant chromosomes [15]. BIBAC test constructs containing 150 kb human DNA 
were introduced into several A. tumefaciens strains. Of these strains, those con
taining additional copies of virG or virGlvirE produced transgenic tobacco plants 
in which the entire 150 kb human DNA fragment integrated into the tobacco 
genome randomly. Recently, a pBACwich system has been developed to achieve 
site-directed integration of DNA into the genome (Choi et aI., unpublished 
work). A 150 kb cotton BAC DNA was transferred into a specific lox site in 
tobacco by biolistic bombardment and Cre-Iox site specific recombination. These 
results open up a number of new possibilities for plant molecular biology and 
the genetic engineering of plants. These systems will streamline positional clon
ing and the transfer of desirable traits into plants. 
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Bacteria-yeast shuttle vectors 

The bacteria-yeast shuttle vector, pClasper, combines the bacterial origin of rep
lication from BAC vectors with the CEN61ARS4 yeast replication machinery and 
includes a yeast LEU2 gene and the bacterial chloramphenicol resistance gene 
for selection in yeast or bacteria, respectively. Bradshaw et af. [17] also cloned 
homologous sequences flanking the region to be targeted into the poly linker of 
pClasper to isolate regions from within a YAC. After transformation of linear
ized plasmids into the LEU- strains carrying a specific YAC, yeast colonies were 
selected for the acquisition of the LEU+ phenotype. The recombinant was then 
shuttled to bacteria for preparation of plasmid DNA. Transformation-associated 
recombination (TAR: [18, 19]) cloning can be applied to the generation of cir
cular YACs by using a single centromere vector containing various plant repeats. 
If the TAR vector contains an E. coli mini-F factor origin of replication and 
chloramphenicol resistance gene from the BAC vectors, circular YACs can be 
moved into bacterial cells and easily separated from yeast chromosomes. YACs 
are important tools for cloning large genome regions. However, it is laborious to 
isolate enough YAC DNA from yeast. The bacteria-yeast shuttle vectors are use
ful to clone specific regions from YACs, from hybrid cells, or directly from the 
genome, and advantageous for isolating DNA. 

Megabase-size DNA isolation from plants 

There are two general methods for preparing megabase-size DNA from plants. 
The protoplast method yields megabase-size DNA of high quality with minimal 
breakage, but the process is costly and labor-intensive. For example, to prepare 
protoplasts from tomato, young leaves are manually feathered with a razor blade 
before being incubated for four to five hours with cell-wall-degrading enzymes 
[20]. Furthermore, because each plant species requires a different set of condi
tions to generate protoplasts, the method will only work if a high-yielding pro
toplast method has been optimized for a given plant species. 

Zhang et af. [21] developed a universal nuclei method that works well for 
several divergent plant taxa. Fresh or frozen tissue was homogenized with a 
blender or mortar and pestle, respectively. Nuclei were then isolated and embed
ded as described in the Materials and Methods section. DNA isolated from nu
clei was often more concentrated and was shown to contain lower amounts of 
chloroplast DNA. Although the nuclei method was universal, it produced a rela
tively high degree of sheared DNA. The primary advantage of the method is 
that it is economical and not as labor-intensive as the protoplast method. 

Once protoplasts or nuclei are produced they are embedded in an agarose ma
trix as plugs or microbeads. The agarose provides a support matrix to prevent 
shearing of the DNA while allowing diffusion of enzymes and buffers to the 
DNA. Thus the DNA is purified and manipulated in the agarose and is stable for 
over a year at 4°C. 
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Generation and size selection of large DNA fragments for BAC cloning 

Once megabase-size DNA has been prepared, it must somehow be fragmented 
and DNA in the desired size range isolated. In general, DNA fragmentation uti
lizes two general approaches: (1) physical shearing and (2) partial digestion with 
a restriction enzyme that cuts relatively frequently within the genome. Because 
physical shearing is not dependent upon the frequency and distribution of par
ticular restriction enzyme sites, this method should yield the most random dis
tribution of DNA fragments. However, the ends of the sheared DNA fragments 
must be repaired and cloned directly or restriction enzyme sites added by the 
addition of synthetic linkers. These subsequent steps may damage the megabase
size DNA and result in lower yields of clonable DNA. Because of the subse
quent steps required to clone DNA fragmented by shearing, most protocols frag
ment DNA by partial restriction enzyme digestion. The advantage of partial 
restriction enzyme digestion is that no further enzymatic modifications of the 
ends of the restriction fragments are necessary. Four common techniques that 
can be used to achieve reproducible partial digestion of megabase-size DNA are: 
(1) varying the concentration of the restriction enzyme, (2) varying the time of 
incubation with the restriction enzyme, (3) varying the concentration of an en
zyme cofactor (e.g., Mg++), and (4) varying the ratio of endonuclease to me
thylase. 

There are three cloning sites (HindIll, BamHI, and SphI) in pBeloBACll, but 
only HindIll and BamHI produce 5' overhangs for easy vector dephosphoryla
tion. These two enzymes are primarily used to construct BAC libraries. The op
timal partial digestion conditions for megabase-size DNA are determined by 
wide and narrow window digestions. We recommend optimizing partial diges
tions to produce the majority of DNA fragments in the 300 to 500 kb range. 
This size range will usually results in BAC inserts between 50 to 300 kb due to 
trapping of smaller DNA fragments in the gel. Figures 2 and 3 show wide and 
narrow optimization gels used to construct a japonica rice BAC library [4]. For 
the wide window optimization (Figure 2) 1, 2, 5, 10, and 50 units of HindIll 
were separately added to 50 ILl aliquots of rice DNA in agarose microbeads and 
incubated at 37°C for 20 min. Figure 2 shows that the optimal digestion con
ditions were between 5 and 10 units. It also shows that the megabase-size DNA 
could be totally digested with 50 units of HindIll in 20 min. To determine a 
more narrow optimization window, 6, 8, and 10 units of HindIll were separately 
added to 50 ILl aliquots of microbeads and incubated as above (Figure 3). Six 
units of enzyme gave the best results in which the size of most of the DNA 
ranged between 300 to 500 kb as shown in Figure 3. 

Once the optimal partial digestion conditions are determined a large amount 
of megabase-size DNA is partially digested using the exact conditions. The di
gestion is subjected to electrophoresis through a preparative pulsed-field gel and 
DNA in the size range of 300 to 500 kb is excised from the gel. This DNA is 
ligated to the BAC vector or subjected to a second size selection on a pulsed
field gel under different running conditions. Studies have previously shown that 
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Fig. 2. Wide window: Partially digested rice, Oryza sativa L. (Lemont japonica), megabase-size 
DNA: rice DNA in 50 J.LI of agarose microbeads. (M): Saccharomyces cerevisiae (BIO-RAD), (C): 
rice DNA without enzyme, Lanes 3-7: rice DNA partially digested with Hindill (I) 1 U (2) 2 U (5) 
5 U (10) 10 U (50) 50 U. The genomic DNA was subjected to CHEF through a 1 % agarose gel in 

0.5X TBE using a switch time of 90 s at 6 v/cm and 12°C for 16 h. 

two rounds of size selection can eliminate small DNA fragments cornigrating 
with the selected range in the first pulsed-field fractionation [4, 5]. Such a strat
egy resulted in an increase in insert sizes and a more uniform insert size distri
bution. 

A practical approach to performing size selections is to test first for the num
ber of clones/ /-Ll of ligation and insert size from the first size selected material. 
If the numbers are good (500 to 2,000 white colonies/ /-Ll of ligation) and the size 
range is also good (50 to 300 kb), then a second size selection is practical. When 
performing a second size selection a 80 to 95% decrease in the number of re
combinant clones per transformation is expected. 

Ligation 

Twenty to two hundred nanograms of the size-selected DNA is ligated to de
phosphorylated BAC vector (molar ratio of 10 to 1 in BAC vector excess). Table 
3 shows a summary of BAC library ligation conditions for a number of BAC/ 
PAC libraries. Most of the BAC or PAC libraries used a molar ratio of 5 to 15: 1 
(size-selected DNA: BAC vector). 
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Fig. 3. Narrow window: Partially digested rice, Oryza sativa L. (Lemontjaponica), megabase-size 
DNA: rice DNA in 50 f.L1 of agarose microbeads. (m): Saccharomyces cerevisiae (BIO-RAD), (c): 
rice DNA without enzyme, Lanes 3-5: rice DNA partially digested with HindIII (6) 6 U (8) 8 U (12) 
12 U. The genomic DNA was subjected to CHEF through a 1% agarose gel in 0.5X TBE using a 

switch time of 90 s at 6 v/cm and 12°C for 16 h. 

Table 3. BAC libraries ligation conditions. 

Constructor Organism Insert DNA Ratio #of #of Cloneslf.Ll 
(average size (insert: clone Ligations 
in kb) vector) (size select) 

Shizuya [I] Human 1:10 
Ioannou [22] Human 70ng (140) 1:10 15,000 2 (1st) 

(PAC) 
Woo [5] Sorghum 25ng (157) 1:10 13,500 2 (1st, 2nd) 68 
Choi [3] A. thaliana 20ng (100) 1:5 12,672 2 (I st) 100 
Wang [23] Rice 40ng (125) 1:10 11,000 2 (1st, 2nd) 55 
Choi [4] Rice Ijaponica) 40ng (150) 1:10 7,296 2 (2nd) 90 
Zhang [4] Rice (indica) 40ng (130) 1:5 14,208 3 (1st) 47 
Kim [2] Human 100ng (140) 1:10 96,000 70 (2nd) 
Frijters [14] Lettuce 20-60ng (Ill) 1:10 53,000 6 (2nd) 88 
Choi Cotton 50ng (110) 1:15 51 ,353 7 (1st, 2nd) 40 
(unpublished) 
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Transfonnation and arraying 

Transformation is carried out by electroporation. The transformation efficiency 
for BACs is between 40 and l,500 transformants per ILl of ligation product, or 
20 to 1,000 transformants/ng DNA. There is an inverse relationship between the 
insert size and the transformation efficiency. A lower field strength (9-13 kV/ 
cm) yields a higher average insert size but a lower number of clones [24]. 

The E. coli strain used for BAC library construction is DHlOB (F- merA 
~(mrr-hsdRMS-merBC) 4>80dlaeZ~15 ~laeX74 deoR reeAl endAl araD139 
~(ara, leu)7697 gaLU galK ,\- rpsL nupG), which includes mutations that: (1) 
block restriction of foreign DNA by endogenous restriction endonucleases (hs
dRMS); (2) block restriction of DNA containing methylated DNA (merA, merB, 
mcrC and mrr); (3) block recombination (recAl); and (4) take up large DNA 
(deoR). Electroporation competent DHlOB cell can be made in the laboratory or 
purchased commercially. 

Recombinant clones are picked manually with toothpicks or robotically (e.g., 
Genetix Q-bot) into 384-well microtiter plates containing growth media. After 
incubation overnight at 37 °C duplicate copies of the library are produced and 
the library is ready for screening using hybridization or PCR. 

Library characterization 

Several tests can be done to determine the quality of a BAC library. In our labo
ratory we perform three basic tests to evaluate the genome coverage of a BAC 
library - average insert size, average number of clones hybridizing with single 
copy probes and chloroplast DNA content. 

Determination of the average insert size of the library is assessed in two ways. 
First, during library construction every ligation is tested to determine the aver
age insert size by assaying 20 to 50 BAC clones per ligation. DNA is isolated 
from recombinant clones using a standard mini preparation protocol, digested 
with Not! to free the insert from the BAC vector, and then sized by electrophore
sis through a CHEF gel. After the library is completed (3 to 20X genome cov
erage) the insert size from a single random clone from every 384-well plate is 
determined as above. Figure 4 shows a typical analysis of rice BAC clones from 
a second size selection ligation. 

To determine the genome coverage of the library we screen it by hybridiza
tion with single copy RFLP markers distributed randomly across the genome. 
Microtiter plates containing BAC clones were spotted onto 22 cmx22 cm Hy
bond N + membranes by using a multitasking robot (Q-bot: Genetix, Inc., UK). 
Bacteria from 48 or 72 plates are spotted twice onto one membrane, resulting in 
18,000 to 27 ,648 unique clones on each membrane in either a 4 x 4 or 5 x 5 grid 
pattern. Because each clone is present twice, false positives are eliminated and 
true positives are easily recognized and identified. An example autoradiogram 
image of the a BAC high-density filter of the TAMU Arabidopsis BAC library 
[3] hybridized with a cosmid RFLP probe is shown in Figure 5. 
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145.5 kb 

97 kb 

48.5 kb 

6.7 kb 

Fig. 4. Analysis of random rice (Lemont: Oryza sativa subsp. japonica) BAC clones by CHEF 
electrophoresis. Lanes I and 20 are lambda concatemer. Lanes 2-19 are alkaline lysis minipreps of 
recombinant BAC clones digested with Not!. Note: The 6.9 kb band in each lane is pBeloBACll. 

15 em 

22 em 
Fig. 5. BAC library screening by colony hybridization: An autoradiogram image of BAC high-den
sity replica filter hybridized with a cosmid DNA probe (m262). TAMU Arabidopsis BAC clones 
(12,288) are screened on double-spotted (4x4) high density filters with a cosmid RFLP marker. 
Positive hybridization addresses (20 clones): IP4, 2H13, 5118, 9J14, llN16, 1408, 14016, 16A16, 

l7ClO, 20B2, 20022, 21B4, 26HI0, 26M2, 27B4, 27L21, 29H19, 30H22, 30P22, 3103 

PMBM-HS/9 



Finally, the chloroplast DNA content in the BAC library is estimated by hy
bridizing three chloroplast genes (ndhA, rbcL and psbA) spaced evenly across 
the chloroplast genome to the library on high-density hybridization filters. Fig
ure 6 shows such a hybridization to part of our cotton BAC library and shows 
that approximately 1.1 % of the 32,729 clones hybridized with the chloroplast 
probes. 

A mathematical analysis for the number of clones needed to anchor the target 
gene 

An anchoring scheme refers to any method for determining which clones con
tain a given target gene. It is assumed that clones are distributed according to a 
homogeneous Poisson distribution along the genome. In practice, the collection 
of clones is often not randomly distributed because of unknown cloning bias 
and partial digestion rather than random shearing. However the homogenous 
distribution assumption is used in the mathematical analysis performed to deter
mine the number of clones (Table 4) required to obtain a certain probability of 
having any DNA sequence represented in the genomic library [25]. 

Fig. 6. BAC library screening by colony hybridization with chloroplast DNA. Cotton pBACwich 
clones (16,896 or 1,536 x II) were screened on double-spotted high density filters with chloroplast 
DNA probes (Dr J. Mullet, Texas A&M University). Each filter (8 cm x 12 cm) was inoculated by 
duplicating each colony on the same filter with a 384 prong high density replicating tool (HDRT) 
from four 384-well microtiter plates using the Biomek 2000 robot (Beckman, USA) for a total of 

1,536 BAC clones per filter. 
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Table 4. The number of clones required for a 99% probability of having any DNA sequence repre-
sented in a genomic library. 

Common name Scientific name Genome size Insert size Insert size 
Mb/l C [26, 27] 100 kb 150 kb 

Apple Malus x domestica 769 3.5 x 104 2.4 X 104 

Arabidopsis Arabidopsis thaliana 100 4.6 x 103 3.1 X 103 

Banana Musa sp. 873 4.0 x 104 2.7 X 104 

Barley Hordeum vulgare 4,873 2.2 x 105 1.5 X 105 

Canola Brassica napus 1,182 5.4 x 104 3.2 X 10· 
Cassava Manihot esculellta 760 3.5 x 104 2.3 X 104 

Common bean Phaseolus vulgaris 637 2.9 x 104 2.0 X 104 

Cotton Gossypium 2,246 1.0 x 105 6.9 X 104 

hirsutum 
Lettuce Lactuca sativa 2,639 1.2 x 105 8.1 X 104 

Maize Zea mays 2,504 1.2 x 105 7.7 X 104 

Oat Avena sativa 11,315 5.2 x 105 3.5 X 105 

Onion Allium cepa 15,290 7.0 x 105 4.7 X 105 

Orange Citrus sinensis 382 1.8 x 104 1.2 X 104 

Pepper Capsicum annuum 2,702 1.2 x 105 9.4 X 104 

Rice Oriyza sativa ssp. 431 2.0 x 104 1.3 X 104 

indica & japonica 
Sorghum Sorghum bicolor 760 3.5 x 104 2.3 X 104 

Soybean Glycine max 1,115 5.1 x 104 3.4 X 104 

Sugarbeet Beta vulgaris ssp. 758 3.5 x 104 2.3 X 104 

esculenta 
Sugarcane Saccharum sp. 3,000 1.4 X 105 9.2 X 104 

Tobacco Nicotiana tabacum 4,434 2.0 x 105 1.4 X 105 

Tomato Lycopersicon 953 4.4 x 104 2.9 X 104 

esculentum 
Wheat Triticum aestivum 15,966 7.4 x 105 4.9 X 105 

The number of clones in the library is determined using the following equation: 

N = In(l - P)/ln(l - UG) , 

where, N= number of clones in library; P= probability of obtaining a specific 
clone; L= length of average clone insert in kilobasepairs; G= haploid genome 
length in kilobasepairs. 

In general 99% coverage represents four to five haploid genome equivalents. 
However, if such a library were used for the construction of complete physical 
maps or whole genome sequencing, one needs to generate very deep libraries 
with a P value of 99.9 to 99.99%. 

In the following sections, we shall discuss the procedures used to construct, 
analyze, and manipulate BAC libraries from plants using examples for BAC li
braries constructed in our laboratory. 
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Procedures 

BAC vector preparation 

Cell growth 
1. Streak E. coli DH10B containing the BAC vector (pBeloBAC11) onto 

a LB agar plate containing 12.5 JLg/ml chloramphenicol and grow 
at 37°C overnight. 

2. Inoculate 5 ml of LB media containing 30 JLg/ml chloramphenicol 
with a single colony from step 1 and grow for 8 h at 37°C. 

3. Inoculate four 2.8 I culture flasks containing 1 I of LB chlorampeni
col (30 JLg/ml), prewarmed to 30°C, with 1 ml/liter of culture from 
step 2. Grow at 30°C with shaking (225 rpm) to a cell density of ap
proximately 1 x 109 cells/ml (Asoo = 1.0-1.2). 

4. Harvest the cells by centrifugation at 4°C for 15 min at 6,000 g 
(about 6,200 rpm in Beckman JA-14, Beckman, USA). 

Solutions 

LB plates: 1% Tryptone, 0.5% Yeast extract, 1% NaCI, 1.5% Agar. 
LB medium: 1% Tryptone, 0.5% Yeast extract, 1% NaCI. 
Add chloramphenicol (stock solution: 20 mg/ml in ethanol) at below 

70°C after autoclaving. 
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Plasmid purification 

1. Extract BAC vector using Qiagen Maxi Plasmid Purification Proto
col (Five QIAGEN-tip 500 columns for a 4 I preparation). 

2. Dissolve the final plasmid pellet in 3.6 ml of TE, add 0.4 ml of 10 
mg/ml of ethidium bromide, and transfer the DNA solution to a 15 
ml polypropylene Falcon tube. 

3. Add about 4.0 g of solid CsCI and adjust the density of the solution 
to 1.59 g/ml by additional CsCI or TE. The final volume should be 
about 5 ml. 

4. Load solution into a Ultra-Clear centrifuge tube (Beckman order # 
344057) and centrifuge the mixture to density equilibrium in a 
Beckman NVT90.1 rotor at 70,000 rpm for 24 h at 20°C. 

5. View the supercoiled plasmid and relaxed DNA bands with long
wavelength UV light and remove the lower band by puncturing the 
side of the tube with a 21-gauge syringe needle below the band. 
Carefully draw the plasmid DNA into a 1 ml syringe. 

6. Extract the ethidium bromide from the DNA solution with one vol
ume of ddH 2 0-saturated isoamyl alcohol. Continue extracting with 
fresh ddH 2 0-saturated isoamyl alcohol until all visible color is re
moved (5 to 6 times). 

7. Dilute the extracted DNA sample with two volume units of TE and 
precipitate with 95% ethanol and centrifugation. Wash the pellet 
gently with 70% ethanol, recentrifuge, and air dry. 

8. Resuspend the DNA pellet in 100 JLI of TE and determine the DNA 
concentration by spectrophotometry and agarose gel electro
phoresis using known DNA concentration standards. 

Notes 
8. The final yield is approximately 20 to 40 /L9 from 4 I of media. 

Solutions 

TE: 10 mM Tris-HCI, 1 mM EDTA, pH 8.0. 
Water-saturated isoamyl alcohol. 
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Digestion and dephosphorylation 

1. Digest pBeioBAC11 (10 ILg) to completion with 100 units of Hindlll 
or BamHI (Gibco BRL, USA) and corresponding buffer with addi
tional 4 mM spermidine at 37°C for two to four hours. 

2. Extract the digested DNA twice with phenol/chloroform (1:1), pre
cipitate and wash with ethanol, and resuspend in 50 ILl of 1X TA 
buffer (provided with HK phosphatase: Epicentre, USA) following 
the addition of 5 mM CaCI 2 . 

3. Dephosphorylate the DNA by adding two units of HK Phosphatase 
(Epicentre) per ILg of DNA and incubating at 30°C for 2 h. 

4. Heat the reaction at 65°C for 30 min to inactivate HK Phosphatase. 
5. Ethanol-precipitate the dephosphorylated vector and dissolve in 

100 ILl of TE. 

Notes 
2. Restriction enzyme incubation for an extended time period or with high salt may re

sult in exonuclease activity. 
3. The digested BAC vector can be dephosphorylated with Shrimp Alkaline Phos

phatase (SAP 1 unit/JLg of DNA: USB, USA). 

Solutions 

10X Hindlll buffer: 0.5 M Tris-HCI, pH 8.0, 0.1 M MgCI 2 , 0.5 M NaCI. 
10X BamHI buffer: 0.5 M Tris-HCI, pH 8.0, 0.1 M MgCI 2 , 1 M NaCI. 
10X Spermidine-trihydrochloride: 40 mM in sterilized ddH 2 0. 
10X TA buffer: 330 mM Tris-acetate, pH 7.8, 660 mM K-acetate, 100 
mM Mg-acetate, 5 mM DTT, and 1 mg/ml Bovine serum albumin. 
Phenol/chloroform (1:1): Mix equal amounts of phenol and chloro
form and equilibrate the mixture by extracting several times with 0.1 
M Tris-HCI (pH 7.6). 
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Preparation of mega base-size DNA from plants 

Nuclei preparation (This method was developed by [21J and modified 
by S. Choi). 
1. Grind 30 to 50 g ofthe fresh orfrozen tissue into a powder in liquid 

nitrogen with a mortar and pestle (do not over grind) and immedi
ately transfer into an ice cold 500 ml beaker containing 200 ml ice
cold homogenizing buffer (HB) plus 0.15% {3-mercaptoethanol (add 
before use) and 0.5% Triton X-IOO (20% stock in HB). 

2. Repeat step 1, four to six times in order to obtain enough nuclei to 
embed. 

3. Stir each mixture from step 1 with a magnetic stir bar for 20 min on 
ice. 

4. Filter the mixture from step 3 into an ice-cold 250 ml centrifuge 
bottle through two layers of cheesecloth (American Fiber & Finish
ing, Inc., USA) and one layer of miracloth (Calbiochem order # 
475855, USA) placed in a single large, wide mouth funnel. To ob
tain more nuclei, remove the cheesecloth and squeeze the remain
der of the homogenate into the centrifuge bottle. 

5. Pellet the filtered homogenate by centrifugation in a fixed-angle 
rotor at 1,800 gat 4°C for 20 min (about 3,500 rpm in JA-14, Beck
man). 

6. Discard the supernatant fluid and gently resuspend the pellet in 
one to five ml of ice cold wash buffer with assistance of a small 
paint brush. After resuspension adjust the volume to 30 ml with 
wash buffer and transfer to a 50 ml round bottom Oakridge tube. 

7. Pellet the nuclei by centrifugation at 1,800 g, 4°C for 15 min in a 
swinging bucket centrifuge (about 2,800 rpm in GH-3.8 Horizontal 
rotor, Beckman). 

8. Wash the nuclei pellet two additional times by resuspension in 
wash buffer followed by centrifugation at 1,800 g, 4 °C for 15 min. 
During the last washing step the resuspended nuclei are filtered 
through one layer of miracloth by gravity into new Oakridge tubes. 

9. After the final wash, resuspend the pelleted nuclei in a small vol
ume of HB (2 to 3 ml). Count the nuclei with a hemacytometer un
der a phase contrast microscope and adjust to approximately 4 x 
107 nuclei/ml with the addition of HB (for plants with haploid ge
nomic sizes of 500 to 1,000 Mb). 

Notes 
9. In practice, the optimum number of nuclei depends on the genomic size of the plant 

and for some plants species it can be difficult to count the nuclei. When preparing 
nuclei forthe firsttime we optimize the nuclei concentration empirically. We suggest 
preparing the nuclei as described above and in the final step embed three different 
concentrations of nuclei (e.g., 1 ml concentrated nuclei + 3 ml of HB, 2 ml concen
trated nuclei + 2 ml of HB, and 4 ml concentrated nuclei + 0 ml of HB). 
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Solutions 

HB: 0.5 M Sucrose, 10 mM Trizma base, 80 mM KCI, 10 mM EDTA, 1 
mM Spermidine, 1 mM Spermine, final pH 9.4-9.5 adjusted with 
NaOH. 

Wash buffer: HB + 0.15% {3-mercaptoethanol (add before use) + 
0.5% Triton X-100 (20% stock in HB). 

Protoplast preparation (Tomato) (This method was developed by 
[20] and modified by Wing et al. [28]) 
1. Harvest 30 to 50 g of the young leaves and cut from midvein 5 to 

10 times to make strips of 1 to 2 mm. The leaf is still intact but 
feathered. 

2. Transfer approximately 4 g of leaves into protoplast buffer plus 1% 
cellulase and 0.05% pectolyase in a large Petri dish and shake gen
tly for 4 h at room temperature. 

3. Check the release of protoplasts using an inverted microscope. If 
70% to 80% of lysed protoplasts are observed, remove the leaves 
and filter the liquid sequentially using 80 and 33 f-Lm sieves into a 
flask. 

4. Pellet the protoplasts at 40 g for 10 min (about 500 rpm in JA-14) 
and resuspend in 50 ml of protoplast buffer. 

5. Repeat filtering as step 3 and centrifuging as step 4, and resuspend 
in a small amount (about 2 to 3 ml) of protoplast buffer. 

6. Count an aliquot using a microscope and hemacytometer and ad
just the final concentration to 4 x 107 protoplasts Iml of protoplast 
buffer. 

Notes 
Making protoplasts is specific for every plant species and needs to be optimized. 

Solutions 

Protoplast buffer: 0.5 M D-Mannitol, after autoclaving add 20 mM 2-N
Morpholine ethanosulfonic acid, adjust pH 5.6 with KOH. 
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Encapsulating in agarose microbeads (I) (This method was 
developed [28] for plant protoplasts and modified by Zhang et al. 
[21] for plant nuclei). 
1. Prepare 1% to 1.2% low melting point (LMP) agarose (Seaplaque 

GTG, FMC, USA) solution in HB for nuclei (or protoplast buffer for 
protoplasts) and store in a 45°C water bath. 

2. Warm 15 ml of light mineral oil in a 50 ml Falcon tube to 45°C in a 
water bath. 

3. Place 150 ml of ice cold HB for nuclei (or protoplast buffer for pro
toplasts) in a 500 ml beaker into an ice bath on top of a magnetic 
stir plate and swirl the solution vigorously using a magnetic stir bar 
(#5 in Corning stirrer PC-620, USA). 

4. Place the nuclei or protoplast solution in a 500 ml flask and pre
warm to 45°C in a water bath. 

5. Pipet an equal volume of 1% to 1.2% LMP agarose in HB from step 
1, kept in a 45°C water bath, into the prewarmed nuclei or proto
plast suspension and mix well but gently. 

6. Add 20 ml of prewarmed light mineral oil at 45°C from step 2 to 
the prewarmed nuclei or protoplast suspension, shake the mixture 
of the flask vigorously for 3 to 5 s, and immediately pour into the 
500 ml beaker of step 3 containing the swirling 150 ml of ice cold 
HB (or protoplast bufferfor protoplasts). 

7. Continue swirling for 5 to 10 min on ice to break up any clumps and 
allow for the agarose microbeads to be more uniform in size. 

8. Harvest the agarose microbeads by centrifugation at 600 g, 4°C for 
15 to 20 min in a swinging bucket centrifuge (about 1,800 rpm in 
Beckman GH-3.8). 

9. Discard the supernatant fluid and resuspend all the pelleted micro
beads in 5 to 10 volumes of ESP in a 50 ml Falcon polypropylene 
tube. 
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DNA purification in agarose 

10. Incubate the beads in ESP for 24 hat 50°C with gentle shaking to 
degrade the proteins. 

11. Pellet the microbeads by keeping the beads at 50°C without shak
ing for 1 h and discard the supernatant fluid. 

12. Add new ESP for further 24 h-incubation. 
13. Wash the beads six times for 1 hour per time with TE at 4°C. The 

first three washes include PMSF (phenyl methyl sulfonyl fluoride) 
at 0.1 mM to inactivate the Proteinase-K. 

Solutions 

ESP: 0.5 M EDTA, pH 9.0-9.3, 1% Sodium lauroyl sarcosine, add 
0.1 mg/ml Proteinase K before use. 

PMSF: 50 mM stock in isopropanol. 
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Encapsulating in agarose plugs (II) 
1. Mix equal volumes of nuclei and 1% LMP (Seaplaque GTG) agar

ose in HB (or protoplast buffer for protoplasts) and aliquot into 
plug molds (BIO-RAD catalog # 170-3622) on ice. 

2. Immerse the casted plugs in a large volume of ESP (at least ten 
times the volume ofthe agarose plugs, 1.0 to 0.5 mg/ml Proteinase 
K for plugs) in a 50 ml Falcon polypropylene tube and incubate at 
50°C overnight with gentle agitation. 

3. Change the ESP one time and incubate for 5 h to overnight with 
agitation. 

4. Equilibrate agarose-embedded DNA thoroughly with TE contain
ing 1 mM PMSF to inactivate residual Proteinase K three times for 
1 h each. 

5. Wash three times with only TE. 

Notes 
The plugs can be chopped into fragments that are about the same size as beads with
out any appreciable DNA breakage, and then used for partial digestion [29]. 
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Partial digestion 

Wide window 
1. Incubate 50 ILl of microbeads or chopped pieces of half of a plug 

with a 45 ILl mixture of (Hind II I or BamHI reaction buffer, 0.1 mg/ml 
Acetylated BSA, 4 mM Spermidine) on ice for 20 min. 

2. Add 5 ILl of Hind II I or BamHI freshly diluted in distilled water (e.g., 
o U, 1 U,2 U, 4U, 8 U, 16 U, and 50 U/5 ILl) and allow to diffuse into 
the beads for 10 min on ice. 

3. Transfer the reaction mixture to a 37°C water bath for partial di
gestion and incubate for 20 min. 

4. Stop the reaction by adding 1/10 volume of 0.5 M EDTA, pH 8.0 and 
placing the tubes on ice. 

5. Load the partially digested DNA on a 1% agarose gel in 0.5X TBE 
with a wide-bore tip and seal the wells with the same molten aga
rose as the gel. 

6. Perform pulsed-field gel electrophoresis on a CHEF Mapper (810-
RAD, USA) under the conditions of 6.0 V/cm, 90 s pulse, 0.5X TBE 
buffer, 12°C for 18 h. 

7. After checking the ethidium bromide stained gel from step 6, se
lect the enzyme concentration giving a majority of DNA fragments 
ranging from about 300 to 600 kb. because of DNA trapping during 
the step 6 running conditions, we expect the actual size of the DNA 
fragments obtained from the 300 to 600 kb fraction to be between 
50 to 300 kb in size (Figure 2). 

Narrow window 
8. From the information of the wide window digetsion, carry out an

other set of partial digestions to optimize the narrow window (Fig
ure 3). 

9. Repeat steps 1-7. 

Notes 
2. The amount of restriction enzyme and the digestion time depend on the number of 

restriction sites in the plant genome: usually 0 to 50 units for 5 min to 1 h. 

Solutions 

0.5X TBE: Trizma base 0.045 M, Boric acid 0.045 M, EDTA 1 mM, pH 
8.3. 
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Preparing partially digested DNA for ligation-first size selection 
1. Selectthe amount of enzyme giving the optimum digestion pattern 

from the narrow window and perform the digestion reaction on a 
large scale by carrying out a number of reactions (10 to 20 reac
tions) under the exact same conditions as previously determined 
(same volumes, same tubes, same dilution of enzyme, etc.). 

2. Load the partially digested DNA on a 1% LMP agarose gel (Sea
plaque, FMC) in 1X TAE with a wide-bore tip and seal with the same 
molten agarose. 

3. Perform pulsed-field gel electrophoresis on a CHEF Mapper under 
the conditions of 6.0 V/cm, 90 s pulse, 1X TAE buffer, 12°C for 18 h. 

4. Cut DNA fragments ranging from about 300 to 600 kb from the gel 
and use for ligation or a second size selection. 

Notes 
4. When we use chopped DNA plugs (that have highly concentrated DNA) for a partial 

digestion we can use a shorter pulse time (20 to 40 s) to spread out the DNA on the 
gel. This condition avoids trapping smaller DNA segments so that a second size se
lection may not be necessary. 

Solutions 

1X TAE: 40 mM Tris-acetate, 1 mM EDTA, pH 8.0. 
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Preparing partially digested DNA for ligation-second size selection 
1. Dialyze the gel piece cut from the first size selection with TE + 50 

to 100 mM NaCI. 
2. Melt the gel piece cut from the first size selection at 65°C for 5 min 

and pipet into the wells of a second size selection gel (1% LMP in 
lX TAE) with a polyethylene transfer pipet (Fisher, USA). 

3. Carry out a second size selection at 4.0 V/cm, 5 s pulse, lX TAE 
buffer, 12°C for 8 h. 

4. Excise the DNA band in the compression zone, and dialyze with TE 
+ 50 to 100 mM NaCI. 
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Ligation 

1. Melt the dialyzed LMP DNA piece from 1 st or 2nd size selection at 
65°C for 5 min, and transfer to a 45°C water bath. 

2. Add 1 unit of GELase (Epicentre, USA) per 100 p,g of gel with GE
Lase buffer and incubate at 45°C for 1 h. 

3. Check the concentration of the DNA solution by loading 10 p,1 on a 
1% agarose minigel with ethidium bromide and running a quick 
electrophoresis at 60 V, for 1 h, in 0.5X TBE with uncut lambda DNA 
standard solutions (e.g., lambda 5 ng, 10 ng, 20 ng, 40ng, and 80 
ng/well: Usually the concentration of the size selected DNA is be
tween 0.5 and 2 ng/p,I). 

4. Ligate 50 to 200 ng of the size selected DNA to the dephosphory
lated BAC vector in a molar ratio of 1:10 to 15 (size selected DNA to 
vector DNA; see Table 3 for details) in a total volume of 100 p,1 with 
6 units of T4 DNA ligase (USB, USA) plus ligase buffer at 12 or 
16°C for 16 h. 

5. Drop-dialyze the ligation solution on Millipore filters (filter type VS, 
0.025 p,m) with TE for 1 hour to remove the ligation buffer. 

Notes 
1. Strong et al. [30] described a electroelution method for purifying large, gel-fraction

ated DNA molecules that alleviates the need for melting the agarose and subsequent 
enzymatic agarose digestion. 
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Transformation 

1. Transform 1 to 2.5 JLI of the ligation material into 20 to 25 JLI of E. 
coli DH10B competent cells (Gibco BRL, USA) by using the BRL 
Cell-Porator system (Gibco BRL) and the following settings: volt
age 300 to 400 V; capacitance 330 JLF; impedance low ohms; 
charge rate fast; voltage booster resistance 4 Kohms. 

2. Transfer the electroporated cells to 15 ml culture tubes with 0.4 to 
1 ml of SOC and shake at 220 rpm for 50 min at 37°C. 

3. Spread the SOC medium from step 2 onto one or two LB plates 
containing 12.5 JLg/ml chloramphenicol, 50 JLg/ml X-Gal (stock: 20 
mg/ml in dimethylformamide) and 25 JLg/ml IPTG (stock: 200 mg/ 
ml in ddH 20), and incubate at 37°C for 20 to 36 h. 

4. Pick white colonies into 384 well microtiter plates containing LB 
freezing medium. 

5. Incubate the microtiter plates at 37°C overnight and store at 
-80°C. 

Notes 
1. The Bio-Rad Gene Pulser II (BIO-RAD) can be used under the conditions of 100 Ohms, 

16 kV/cm, and 25 JLFa. It may be advantageous to use a lower field strength in order 
to increase the average insert size. It has been demonstrated that a lower field 
strength (9 to 13 kV/cm) yields a higher average insert size but a lower number of 
clones [24]. 

Solutions 

SOC: 2% Bacto tryptone, 0.5% Yeast extract, 10 mM NaCI, 2.5 mM KCI, 
10 mM MgCI2, 10 mM MgS04, 20 mM Glucose, pH 7.0 ± 0.1. 

LB freezing medium: LB, 36 mM K2HP04, 13.2 mM KH 2P04, 1.7 mM 
Na Citrate, 0.4 mM MgS04, 6.8 mM (NH4)2S04' 4.4% v/v Glycerol, 
12.5 JLg/ml Chloramphenicol. 
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BAC DNA insert isolation 

1. Prepare 5 ml culture of LB medium containing 12.5ILg/ml 
chloramphenicol, inoculate a single colony, and incubate with 
shaking at 37°C for 18 to 20 h. 

2. Centrifuge the culture at 2,000 g at 4 °C for 15 min using a table 
top centrifuge (about 3,000 rpm in GH-3.8). 

3. Pour off the supernatant fluid and resuspend the cell pellet in 0.2 
ml of ice-cold GTE. 

4. Transfer the suspension to a 1.5 ml microfuge tube, add 0.4 ml 
(freshly prepared) of 0.2 N NaOH+1% SDS solution, mix by inver
sion several times, and incubate on the bench for 5 min. 

5. Add 0.3 ml of the potassium acetate stock and gently invert the 
mixture. 

6. Centrifuge the mixture for 15 min at 12,000 g in a micro-centri
fuge (13,000 rpm in Biofuge 13, Baxter, USA). 

7. Remove 0.75 ml of the supernatant fluid without disturbing the 
pellet and transfer to a clean microfuge tube. 

8. Add 0.6 volumes of cold isopropanol (0.45 ml) and centrifuge at 
12,000 g for 15 min to pellet the DNA. 

9. Remove the supernatant, rinse the pellet with 1 ml of cold 70% 
ethanol, and dry upside down until the pellet becomes transpar
ent. 

10. Add 40 ILl of TE and digest 10 ILl of this DNA solution with Noti to 
free the insert from the BAC vector. 

11. Run 1% agarose gels in 0.5X TBE at CHEF conditions of 6 V/cm, 
initial switch time 5 s, final switch time 15 s and for 13 to 15 h 
(Figure 4). 

Solutions 

GTE: 50 mM Glucose, 25 mM Tris-HCI, pH 8.0, 10 mM EDTA, pH 8.0, 
0.1 mg/ml RNase. 

Potassium acetate stock: 60 ml 5 M potassium acetate, 28.5 ml gla
cial acetic acid, 11.5 ml ddH 20, pH 4.8-5.2 
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BAC library screening by hybridization 

1. Inoculate Hybond N+ membranes (Amersham, UK) with a 384-
prong High Density Replicating Tool (HDRn from microtiter plates. 

2. Place the membranes on LB agar plates containing 12.5 ILg/ml 
chloramphenicol and incubate at 37°C for 12 to 36 h until colonies 
of 1 to 2 mm diameter are obtained. 

3. Remove the membranes and place, colony side up, on a pad of ab
sorbent filter paper (Whatman Cat. No. 3030700) soaked in the fol
lowing solutions and for the specified time: (1) Solution 1 (0.5 N 
NaOH, 1.5 M NaCI) for 7 min; (2) Solution 2 (1.5 M NaCI, 0.5 M Tris
HCI, pH 8.0), 7 min; (3) Air dry for more than 1 h; (4) Solution 3 
(0.4 N NaOH), 20 min; (5) Solution 4 (5X SSPE), 7 min; (6) Air dry 
overnight. 

4. Prehybridize the filters at 65°C for at least 4 h with hybridization 
buffer. 

5. Exchange the prehybridization buffer with the fresh buffer and con
tinue prehybridization for 2 to 4 h at 65°C. 

6. Add probes and hybridize for 18 to 36 h at 65°C. 
7. Wash the filters with 2X-O.1X SSC and 0.1% SDS 2 to 3 times for 

20 min at 65°C. 
8. Blot with paper towels, wrap in plastic wrap, and expose for 24 to 

72 h with a intensifying screen. 

Notes 
1. Using a Q-bot (Genetix, Inc., UK), 384-well microtiter plates containing BAC clones 

are spotted onto 22 cm x 22 cm Hybond N+ membranes. Bacteria from 72 plates are 
spotted twice onto one membrane, resulting in 27,648 unique clones on each mem
brane. Alternatively, the nylon filters (12 x 8 cm) can be inoculated with a 384 prong 
HDRT from microtiter plates using the Biomek 2000 robot (Beckman). 

3. The membranes can be stored at room temperature for months. 

Solutions 

5X SSPE: 0.9 M NaCI, 50 mM Sodium phosphate, 5 mM EDTA, pH7.7. 
Hybridization buffer: 0.5 M Sodium phosphate, pH 7.2, 7% SDS, 

1 mM EDTA, 10 ILg/ml sheared denatured salmon sperm DNA 
2X SSC: 6M NaCI, 1 M Citric acid-trisodium salt. 

PMBM-HS/26 



References 

I. Shizuya H, Birren B, Kim U-l, Mancino V, Slepak T, Tachiri Y and Simon M (1992) 
Cloning and stable maintenance of 300-kilobase-pair fragments of human DNA in 
Escherichia coli using F-factor-based vector. Proc Nat! Acad Sci USA 89: 8794-8797. 

2. Kim U-l, Birren BW, Slepak T, Mancino V, Boysen C, Kang HL, Simon MI, Shizuya H 
(1996) Construction and characterization of a human bacterial artificial chromosome library. 
Genomics 34: 213-218. 

3. Choi S, Creelman RA, Mullet JE, Wing RA (1995) Construction and characterization of 
bacterial artificial chromosome library of Arabidopsis thaliana. Weeds World 2: 17-20, and 
Plant Mol Bioi Rep 13: 124-128. 

4. Zhang HB, Choi S, Woo S-S, Li Z, Wmg RA (1996) Construction and characterization of two 
rice bacterial artificial chromosome libraries from the parents of a permanent recombinant 
inbred mapping population. Molecular Breeding 2: 11-24 . 

5. Woo S-S, liang l, Gill BS, Paterson AH, Wing RA (1994) Construction and characterization 
of a bacterial artificial chromosome library of Sorghum bicolor. Nuel Acids Res 22: 
4922-4931. 

6. liang l, Gill BS, Wang G-L, Ronald PC, Ward DC (1995) Metaphase and interphase 
fluorescence in situ hybridization mapping of the rice genome with bacterial artificial 
chromosomes. Proc Nat! Acad Sci USA 92: 4487-4491. 

7. Cai L, Taylor JF, Wing RA, Gallagher DS, Woo S-S, Davis SK (1995) Construction and 
characterization of a bovine bacterial artificial chromosome library. Genomics 29: 413-425. 

8. Burke DT, Carle GF, Olson MY (1987) Cloning of large segments of exogenous DNA into 
yeast using artificial-chromosome vectors. Science 236: 806-812. 

9. Burke DT (1990) YAC eloning: options and problems. GATA 7: 94-99. 
10. Neil DL, Villasante A, Fisher RB, Vetrie D, Cox B and Tyler-Smith C (1990) Structural 

instability of human tandemly repeated DNA sequences eloned in yeast artificial chromosome 
vectors. Nuel Acids Res 18: 1421-1428. 

II. Green ED, Riethman HC, Dutchik JE, Olson MY (1991) Detection and characterization of 
chimeric yeast artificial-chromosome elones. Genomics 11: 658-669. 

12. Pierce lC, Sauer B, Sternberg N (1992) A positive selection vector for eloning high molecular 
weight DNA by the bacteriophage PI system: Improved eloning efficacy. Proc Nat! Acad Sci 
USA 89: 2056-2060. 

13. Willetts N, Skurray R (1987) Structure and function of the F factor and mechanism of 
conjugation. In Neidhardt et al.(eds), Escherichia coli and Salmonella typhimurium: Cellular 
and Molecular Biology, Vol. 2, pp. 1110-1133. American Society for Microbiology, 
Washington, D.C. 

14. Frijters ACl, Zhang Z, van Damme M, Wang G-W, Ronald pc., Michelmore RW (1996) 
Construction of a bacterial artificial chromosome library containing large EcoRl and HindIll 

. genomic fragments of lettuce. Theor Appl Genet 94: 390-399. 
15. Hamilton CM, Frary A, Lewis C, Tanksley SD (1996) Stable transfer of intact high molecular 

weight DNA into plant chromosomes. Proc Nat! Acad Sci USA 93: 9975-9979. 
16. O'Connor M, Peifer M, Bender W (1989) Construction of large DNA segments in 

Escherichia coli. Science 244: 1307-1312. 
17. Bradshaw MS, Bollekens lA, Ruddle FH (1995) A new vector for recombination-based 

eloning of large DNA fragments from yeast artificial chromosomes. Nuel Acids Res 23: 
4850-4856. 

18. Larionov V, Kouprina N, Graves l, Chen XN, Korenberg JR, Resnick MA (1996) Specific 
eloning of human DNA as yeast artificial chromosomes by transformation-associated 
recombination. Proc Nat! Acad Sci USA 93: 491-496. 

19. Larionov V, Kouprina N, Graves l, Resnick MA (1996) Highly selective isolation of human 
DNAs from rodent-human hybrid cells as circular yeast artificial chromosomes by 
transformation-associated recombination eloning. Proc Nat! Acad Sci USA 93: 13925-13930. 

PMBM-H5/27 



20. Ganal MW, Tanksley SD (1989) Analysis of tomato DNA by pulse-field gel electrophoresis. 
Plant Mol BioI Rep 7: 17-41. 

21. Zhang H-B, Zhao XP, Ding XD, Paterson AH, and Wing RA. (1995) Preparation of 
megabase-sized DNA from plant nuclei. Plant J 7: 175-184. 

22. Ioannou PA, Arnemiya CT, Garnes J, Kroisel PM, Shizuya H, Chen C, Batzer MA, de Jong 
PJ (1994) A new bacteriophage PI-derived vector for the propagation of large human DNA 
fragments. Nature Genetics 6: 84-90. 

23. Wang G-L, Holsten TE, Song W, Wang H,P, Ronald PC (1995) Construction of a rice 
bacterial artificial library and identification of clones linked to the Xa21 disease resistance 
locus. Plant J 7: 525-533. 

24. Sheng Y, Mancino V, Birren B (1995) Transformation of Escherichia coli with large DNA 
molecules by electroporation. Nucl Acids Res 23: 1990-1996. 

25. Clarke L, Carbon J (1976) A colony bank containing synthetic Col EI hybrid plasmids 
representative of the entire E. coli genome. Cell 9: 91-100. 

26. Arumuganathan K, Earle ED (1991) Nuclear DNA content of some important plant species. 
Plant Mol Bioi Rep 9: 208-219. 

27. Goodman HM, Ecker JR, Dean C (1995) The genome of Arabidopsis thaliana. Proc Nat! 
Acad Sci USA 92: 10831-10835. 

28. Wing RA, Rastogi VK, Zhang HB, Paterson AH, Tanksley SD (1993) An improved method 
of plant megabase DNA isolation in agarose microbeads suitable for physical mapping and 
YAC cloning. Plant J 4: 893-898 

29. Wang Y-K, Schwarttz DC (1993) Chopped insert: a convenient alternative to agarose/DNA 
inserts or beads. Nucl Acids Res 21: 2528. 

30. Strong SJ, Ohta Y, Litman GW and Amemiya CT (1997) Marked improvement of PAC and 
BAC cloning is achieved using electroelution of pulsed-field gel-separated partial digests of 
genomic DNA. Nucl Acids Res 25: 3959-3961. 

PMBM-HS/28 



Plant Molecular Biology Manual E3. 1-28.2000. 
© 2000 Kluwer Academic Publishers. 

Yeast as Versatile Tool in Transcription Factor Research 

ANNEMARIE H. MEIJER, JAN SCHOUTEN, PIETER B.P. OUWERKERK 
and 1. HARRY C. HOGE 
Institute of Molecular Plant Sciences. Leiden University, Clusius Laboratory, P.O. Box 9505, 2300 
RA Leiden, The Netherlands 

Introduction 

Besides representing an important production organism in the biotechnology in
dustry, the yeast Saccharomyces cerevisiae also constitutes a powerful organism 
for studying the fundamental processes operative in cells of eukaryotes. This 
stems from its ease of cultivation and handling, short generation time and ad
vanced molecular genetics, and from the fact that the basic features of cellular 
mechanisms and functions appear to be evolutionary conserved between yeast 
and other eukaryotes. In recent years yeast has proven particularly useful for 
analyzing the molecular components involved in initiation of gene transcription. 
Here we describe what yeast has to offer to researchers interested in identifica
tion and characterization of transcription factors. First some background infor
mation will be given on yeast strains and vectors. Subsequently, the currently 
available yeast techniques for transcription factor research will be briefly dis
cussed. Finally, detailed step-by-step protocols for the successful application of 
these techniques will be provided. 

Yeast strains and vectors 

S. cerevisiae divides by budding and can exist stably in a haploid or a diploid 
state. The haploid cell is either of mating type MATa or MATa and two cells of 
opposite mating type can fuse to form a diploid cell (MATa/MATa). These can 
divide indefinitely by mitosis but, under conditions of carbon and nitrogen star
vation, can undergo meiosis to produce four haploid spores that can be individu
ally recovered and studied. For general information on yeast, its manipulation, 
genetics and molecular biology see Guthrie and Fink [26] and Ausubel et al. [2] 
and references therein. 

Most laboratory strains are maintained as haploids that carry a number of 
auxotrophic mutations, often in genes involved in the biosynthesis of amino ac
ids (e.g. HIS3, TRPl, LEU2 and LYS2) or nuc1eotides (e.g. URA3 and ADE2). 
Yeast vectors generally carry selectable marker genes that can complement spe
cific auxotrophic mutations. Introduction of vectors with different selectable 
markers in an appropriate host strain allows simultaneous propagation of mul
tiple plasmids. When using yeast as a research organism, it is advisable to select 
a strain with a multitude of stable (non-reverting) auxotrophic mutations (pref
erably deletions) because the number of available markers may become rapidly 

PMBM-E3/1 



exhausted in practical work. Apart from the auxotrophic markers, several domi
nant markers can be applied in yeast. Among these are APT] [30], CAT [28] and 
HPT [24], that confer G418, chloramphenicol and hygromycin resistance, re
spectively. Some auxotrophic markers have additional useful applications. The 
URA3 marker can be counterselected using 5-ftuoro-orotic acid (5-FOA) because 
the encoded enzyme converts 5-FOA into a toxic compound. Similarly, the LYS2 
marker can be counterselected using a:-amino-adipate (a:-AA). The HIS3 marker 
can be employed as a sensitive reporter gene because the activity of the enzyme 
it encodes can be titrated with the competitive inhibitor 3-arnino-l,2,4-triazole 
(3-AT) in a concentration-dependent manner. This allows correction for leaky 
(basal) HIS3 expression and fine-tuning to a desired stringency of selection con
ditions in genetic screens for HIS3 expression. Another valuable reporter gene 
for yeast is the Escherichia coli lacZ gene, that can be assayed visually (blue/ 
white colonies) with X-GAL or quantitatively using ONPG as substrate for the 
encoded enzyme (see [20] for a useful plasmid containing a lacZ reporter gene 
linked to the minimal yeast CYCI promoter). The E. coli gusA gene [51, 37] 
and the Aequoria victoria GFP gene [45, 55] can also be used as reporter genes 
in yeast. 

All commonly used yeast vectors can also be propagated in E. coli and are 
generally composed of an E. coli plasmid backbone, a yeast selectable marker 
gene and yeast sequences that enable their maintenance in yeast. Integrative and 
non-integrative vectors can be distinguished. The integrative vectors (YIp) lack 
sequences for replication in yeast. Transformation of yeast occurs by integration 
into the nuclear genome via recombination between homologous yeast sequences 
in the vector and the chromosomal DNA. Prior to transformation, the integrative 
vector is usually linearized within the yeast sequences that are homologous to 
the intended site of integration in the nuclear genome. This directs the integra
tion event to the site of cleavage and increases the frequency of transformation. 
The non-integrative vectors can be easily moved back and forth between E. coli 
and yeast. These vectors, often referred to as shuttle vectors, replicate as circu
lar plasmids in the nucleus of yeast. Two general types are routinely used for 
non-integrative yeast transformation: centromere and episomal vectors. The cen
tromere vectors (yep) carry chromosomal yeast sequences for autonomous rep
lication (ARS) and sequence segments from yeast chromosome centromeres 
(CEN) for mitotic and meiotic stability as well as for unbiased segregation. 
These plasmids are very stably maintained at a low copy number, usually 1-2 
copies per cell, and are often used when low expression levels of trans genes are 
required. The episomal vectors (YEp) bear the origin of replication and a parti
tion element from the yeast 2 p., circle plasmid that is endogenous in most labo
ratory yeast strains. In conjuction with gene products provided by 2 p., circles of 
the host strain, the partition element ensures equal distribution of replicated 
plasmid molecules between mother and daughter cells. YEp plasmids are usu
ally maintained at a high copy number that varies between 10 and 40 copies per 
cell, and are therefore often used when the goal is to achieve high expression 
levels of transgenes. However, the copy number of YEp vectors can become 
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drastically diminished when containing a gene whose expression is deleterious 
to the host strain. Even under selective conditions this may result in plasmid 
retention in only a fraction of the yeast cells. 

A variety of promoters are available for the expression of heterologous genes 
in yeast. The strong promoters of PGKl (for useful expression vectors see [43, 
44]) and ADHl (for useful expression vectors see [29, 50]) are often used. While 
considered to be constitutive, their activity is affected by the carbon source in 
the medium (high in glucose medium, several-fold lower in non-glucose me
dium). The most commonly applied promoter for conditional gene expression is 
the tightly regulated GALl promoter, that is repressed by glucose and can be up 
to WOO-fold induced if glucose is replaced by galactose (for useful expression 
vectors see [6, 19]). Other conditional promoters include the CUPl promoter 
(induction by copper ions in Cu2 + -resistant yeast strains) [36, 38] or engineered 
promoters that are controlled by tetracycline [22] or glucocorticoids [48, 13]. 
Because the consensus sequence surrounding the translational start codon is 
quite divergent between yeast and plants/animals [8], it may be wise to express 
foreign genes from yeast promoters as a translational fusion construction. Con
venient sets of vectors have been developed for this purpose [19, R&D Systems]. 
For optimal gene expression, an efficient yeast terminator (e.g., CYCl termina
tor) is generally used in expression vectors. A simple check on whether heter
ologous proteins are expressed to a sufficient level in yeast is possible when 
producing the proteins in fusion with an epitope tag such as that derived from 
human influenza virus hemagglutinin. Details and references about foreign gene 
expression in yeast can be found in Romanos et al. [49]. 

To facilitate construction of cDNA libraries for expression in yeast, bacte
riophage A vectors are frequently used containing a linearized shuttle vector 
flanked by two loxP sites [16, 7, 41]. The cDNA fragments are inserted in sense 
orientation between an appropriate yeast promoter and terminator in the shuttle 
plasmid part of the A vector and propagated as a A-phage library in E. coli. Next, 
an E. coli strain producing the Cre-recombinase is lysogenically infected with 
this phage library. Due to interaction of the Cre-recombinase with the loxP sites, 
the shuttle plasmid molecules will automatically excise and circularize. Upon 
subsequent amplification in E. coli the shuttle plasmid library is ready for use in 
transformation of yeast. 

Yeast techniques for transcription factor research 

Heterologous transcription factor genes can be cloned in yeast by functional 
complementation of mutants or by employing genetic selection systems. 

Cloning by functional complementation [5] involves transformation of a mu
tant yeast strain defective in a particular transcription factor with a cDNA li
brary in a yeast expression vector, and subsequent application of a selection 
strategy for distinguishing colonies in which the transcription factor gene defect 
has been phenotypically restored. Obviously, this approach can only be em-
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ployed when a viable yeast mutant for the transcription factor gene of interest is 
available and an appropriate selection scheme can be devised. 

Cloning by genetic screening is based on the specific interaction in yeast be
tween the transcription factor of interest and its known DNA-binding site, re
sulting in activation of a reporter gene whose expression is dependent on this 
interaction and can be selected for [9, 61, 31, 57]. It requires transformation of 
yeast with a TATA box-containing reporter (HIS3 or lacZ) gene construction 
having upstream binding sites for the transcription factor. Subsequently, the ob
tained reporter strain is transformed with a cDNA library in a yeast expression 
vector and colonies expressing the reporter gene are selected. Preferably the re
porter gene construction is integrated into the yeast genome instead of being 
maintained as a non-integrative plasmid because integration provides better sta
bility and a constant gene copy number. The yeast expression vector used for 
construction of the cDNA library is designed either for producing non-hybrid 
proteins encoded by the cDNA or for producing hybrids of the cDNA-encoded 
protein and a strong transcription activation domain (one-hybrid system) from 
either the yeast Gal4 transcriptional activator (for useful vectors see Clontech 
Catalogue) or the Herpes simplex virus VP16 transcriptional co-activator pro
tein (for useful vectors see [6]). The non-hybrid approach only allows cDNA 
cloning of transcription factors harbouring, in addition to their sequence-specific 
DNA-binding domain, a transcription activation domain that functions properly 
in yeast. The applicability of the one-hybrid system (Figure 1) is not restricted 
by this limitation and therefore generally favoured for protein-DNA interaction
based cDNA cloning of transcription factors in yeast. 

The yeast one-hybrid system also facilitates rapid functional dissection of the 
DNA-binding domains of transcription factors that have been cDNA cloned in 
this system. This is done by retransforrning the reporter strain with mutagenized 
versions of the transcription factor cDNA clone under study and subsequent 
analysis of reporter (lacZ) gene expression. By expressing a one-hybrid system
derived transcription factor cDNA clone as non-hybrid protein in the reporter 
strain it can be simply tested whether this protein possesses, in addition to its 
sequence-specific DNA-binding domain (BD), an intrinsic transcription activa
tion domain (AD) that functions in yeast. If this were the case, mutational 
analysis can be used to delineate the location of crucial amino acids of its AD. 
Alternatively, its AD can be detected and then mapped by expressing the protein 
and derivatives thereof as fusion with a heterologous BD such as that of Gal4 
(for useful vectors see Clontech Catalogue) in a yeast strain with a GaI4-respon
sive reporter gene. A recently described variant of the one-hybrid system is the 
reverse one-hybrid system [58] that employs a counterselectable URA3 gene 
constuction as the reporter gene. It allows convenient detection of mutations or 
molecules that dissociate the interactions between a DNA-binding protein and 
its binding site identified in the one-hybrid system. 

Yeast is also useful for identifying proteins that interact with a transcription 
factor of interest, such as other DNA-binding proteins or co-activators [12, 14, 
52]' For this the two-hybrid system [17,11,4,18,27,15,60,3] is used (Figure 
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L... reporter gene activation if a genomic DNA 
sequence is recognized by TF of interest 

Fig. 1. Schematic overview of yeast one-hybrid, two-hybrid and target site selection systems as used 
in transcription factor research. TF: transcription factor; Ga14AD, Ga14BD: activation and binding 

domains, respectively, of the yeast transcription factor Ga14. Details are described in the text. 
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1). This system exploits the ability of a pair of interacting proteins X and Y to 
form a complex that can trigger expression of a reporter gene when X is pro
duced as a fusion with a DNA-binding domain (X-BD hybrid) and Y as a fusion 
with a transcription activation domain (Y-AD hybrid). The BD directs the X-DB 
fusion protein to cognate upstream binding sites in the reporter gene. As a result 
of non-covalent interactions between the X and Y moieties of X-BD and Y-AD, 
the AD of the Y-AD fusion protein becomes tethered to the reporter gene, thereby 
activating its expression. Several two-hybrid systems have been developed for 
studying interactions between known proteins and for cDNA cloning of proteins 
that interact with a given protein. The DNA-binding and transcription activation 
domains most commonly used in these systems are the binding domains of yeast 
Gal4 and E. coli LexA, and the activation domains of Gal4 and H. simplex virus 
VPI6. Occasionally, use is made of a bacterial activation domain, called B42, 
that is weaker than the strong activation domains of Gal4 and VPI6. The re
porter (HIS3, LEU2, lacZ) genes usually contain several copies of the binding 
sites of the corresponding BD's. Because of its nuclear localization signal the 
Gal4 BD is naturally routed to the yeast nucleus for binding to its target sites. 
The LexA BD, that lacks such a localization signal, must enter the yeast nucleus 
by passive diffusion, but engineered versions for active nuclear import are avail
able [3]. The Ga14, VPI6, and B42 AD's are usually employed in conjunction 
with an added nuclear localization signal. Two-hybrid experiments with the Gal4 
BD require the use of mutant yeast strains that are defective in both GAIA and 
GALBO function. For the LexA BD such special yeast strains are not necessary. 
Contrary to the Gal4 BD, the LexA BD therefore permits conditional expression 
of two-hybrid proteins via the Gal4-dependent GALl promoter. X-BD and, Y-AD 
hybrids are generally constructed with the BD or AD at the amino terminus be
cause this simplifies in-frame fusion. If desired, however, both the BD and AD 
can also be fused at the carboxy terminus. In two-hybrid screenings of cDNA 
libraries the protein of interest (bait) and the cDNA-encoded proteins (prey) are 
invariably expressed as BD and AD fusions, respectively. The bait protein-BD 
fusion is generally constitutively expressed to ensure continuous occupancy of 
its target site in the reporter gene, while the prey protein-AD fusions are either 
constitutively or conditionally expressed. Useful strains, vectors, libraries and 
other reagents for the yeast two-hybrid system are commercially available (Clon
tech, Invitrogen, Origene, Stratagene). 

Besides the two-hybrid system, a modified one-hybrid system can be used for 
identification of proteins interacting with a particular transcription factor. Here 
the transcription factor of interest or a derivative thereof is expressed as a non
hybrid protein that binds to cognate upstream reporter gene sequences, and is 
subsequently used as bait for cDNA expression library-encoded prey-AD hybrid 
proteins that interact with the transcription factor and thereby trigger or boost 
reporter gene activity [25, 56]. 

Various modifications of the two-hybrid system have been described. These 
include systems for studying RNA-protein interactions [53], ligand-protein in
teractions [34], and phosphorylation-dependent protein-protein interactions [46], 
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as well as a system for identifying molecules or mutations that disrupt protein
protein interactions [58, 59]. For details the reader is referred to the cited pub
lications. Recently, a novel yeast two-hybrid system for detecting protein-pro
tein interactions was developed that is not based upon the transcriptional acti
vation of a reporter gene. This system [1], designated SOS-recruitment system 
(SRS), exploits the finding that the human Ras guanylyl nucleotide exchange 
factor (GEF), hSos, can substitute for the yeast Ras GEF, Cdc25, to allow cell 
survival and proliferation. In a temperature-sensitive cdc-25-2 mutant yeast 
strain, the hSos-mediated rescue depends on recruitment of hSos to the plasma 
membrane. In the SRS this recruitment is mediated by the interaction between 
two hybrid proteins. The known protein (X) is produced as a fusion with a trun
cated hSos variant that cannot rescue the cdc-25-2 ts mutant, and the sought
after proteins (Y) as fusions with a meristoylation signal sequence that confers 
membrane-targetting. Interaction between X and Y directs hSos to the plasma 
membrane and yields yeasts colonies that can grow at the non-permissive tem
perature. Because the SRS is not based on transcriptional activation, this system 
provides unique opportunities for studying interactions involving transcriptional 
repressors. 

The versatility of yeast as tool for transcription factor research is furthermore 
demonstrated by its use in genetic selection of binding sites and putative target 
genes of transcription factors [62, lO, 35, 39, 21, 40]. Target site selection in 
yeast (Figure 1) requires the construction of a library of DNA fragments cloned 
upstream of a TATA box-containing reporter gene in a yeast vector. The DNA 
fragments can either be oligonucleotides of random sequence or can be derived 
from genomic DNA, dependent on the application of the library for binding site 
selection or selection for putative target genes. In a screening, the DNA-reporter 
library is introduced into a yeast strain harboring an expression construction 
(activator) of the transcription factor of interest. Candidate target DNA se
quences can subsequently be identified by selecting for activator-dependent re
porter gene expression. If desired, the expressed activator could consist of the 
DNA-binding portion of the transcription factor of interest fused to a strong 
transcription activation domain of a heterologous transcription factor. This would 
enable selection of target sequences of DNA-binding proteins that do not pos
sess a sufficiently strong activation function or act as transcriptional repressors. 
It is necessary to have the activator expressed under control of a regulatable 
promoter and/or resident on a counterselectable vector so as to distinguish acti
vator-dependent positive clones from clones activated by an endogenous yeast 
factor. We have recently described two bacteriophage A vectors with automatic 
subcloning capability to facilitate DNA library construction [40]. 
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Procedures 

Culturing of yeast 

Yeast can be grown at 30°C in rich culture medium (yPD or YAPD) or 
in selective medium (SD) containing the appropriate supplements. 
For solid medium add 2% Bacto-agar (Difco, 0140-01) before autoclav
ing. Adenine, uracil, and amino acids can be added before autoclav
ing the medium or added to the medium after autoclaving from ster
ile 100x stock solutions. Yeast strains can be stored at -80 °C in 20% 
glycerol. 

Media and additives: 

YPD: 2% Bacto-peptone (Difco, 0118-17-0) 
1% Bacto-yeast extract (Difco, 0127-17-9) 
2% D-glucose 
autoclave 

YAPD: YPD containing 20 mg/I adenine hemisulfate 

SD: 0.67% yeast nitrogen base without amino acids (Difco, 0919-
15-3) 
2% D-glucose 
autoclave 

100x stock solutions of supplements: adenine hemisulfate: 2 g/I 
L-histidine: 2 g/I 
L-Ieucine: 3 g/I 
L-Iysine-HCI: 3 g/I 
L-methionine: 2 g/I 
L-tryptophan: 2 g/I 
uracil: 2 g/I 
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One-hybrid screening protocol 

The given procedure makes use of a cDNA library for expression of 
proteins fused to the C-terminal end of the Gal4 activation domain. 
With minor modifications the same procedure is suited for screening 
cDNA libraries expressing non-hybrid or other hybrid proteins. 

Steps in the procedure 
1. Construct the required reporter gene construction and cDNA li

brary. The reporter gene construction should consist of the HIS3 
gene preceded by a yeast TATA box and one or more copies' of 
the target DNA sequence of interest. For making this construction, 
we recommend the pHIS3 reporter gene cassettes described by 
Meijer et al. [40]. Reporter gene constructions in pHIS3 can be 
transferred to the plNT1 integration vector [40] that is designed 
for integration ofthe reporter gene construction at the non-essen
tial yeast PDC610cus. A convenient vector for construction of the 
cDNA library is AACTII [41], a bacteriophage A vector with Cre-
10xP-mediated automatic subcloning properties, that allows uni
directional cloning of cDNAs synthesized by means of the ZAP 
cDNA synthesis kit (Stratagene). The AACTII-derived yeast/Es
cherichia coli plasmid (pACTII) directs constitutive expression of 
hybrids between the Gal4 transcription activation domain (Ga14 
AD) and the cDNA-encoded protein in yeast. pACTIl contains a 2 
IL ori and a LEU2 selection marker for yeast and an Ap resistance 
gene for E. coli. The following parts of this procedure are based 
on the use of the pHIS3/pINT1 vector system and a pACTIl cDNA 
library. 

2. Integrate the reporter gene construct into the genome of a suit
able yeast strain such as Y187 (MATa, ura3-52, his3-200, ade2-
101, trp 1-901, leu2-3,112, met-, gal4j" ga180j" URA3::GAL1 UAS
GAL 1 TATA-lacZ; Clontech). Prior to transformation, the plNT1 inte
gration vector is linearized by Sac! and/or Ncol digestion. For 
transformation follow the LiAc procedure (see below), select 
transformants on YAPD plates containing 150 ILg/ml ofthe antibi
otic G418, and restreak these at least once on fresh G418 plates 2 • 

We advise to construct also a number of control yeast strains to 
determine the specificity of reporter gene activation. These 
strains could contain a reporter gene construction without up
stream binding sites or reporter gene constructions with mutated, 
non-functional target sites. 

3. To determine whether the reporter strain shows background 
growth on his-lacking medium perform a 3-AP titration: streak 
colonies on SD plates lacking his (for Y187: SD + ade, trp, leu, 
met) and containing 0, 1,2, 5, 10 or 25 mM 3-AT. For reference 
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also streak on an SD plate containing his4. Incubate the plates for 
3-7 days at 30°C and score growth. If background growth on his
lacking medium is observed 5 , add 3-AT during library screenings 
to a concentration of 2-5 mM above the lowest concentration of 
3-AT with which background growth could be inhibited in the ti
tration experiment6 • 

4. Inoculate a few colonies of the reporter strain in 50 ml of YAPD 
medium and grow overnight with shaking at 30°C. 

5. Dilute the overnight culture to an OD600 of approximately 0.25 in 
YAPD and grow this culture for another 3 h at 30°C with shaking. 
A culture volume of 100 ml is sufficient to perform 10 small scale 
library transformations that should result in a total of at least 106 

transformants. 
6. Followthe LiAc procedure (steps 3-11) to prepare competent cells 

and to perform the desired number of identical transformation 
reactions with 1 p.g of cDNA library plasmid each 7. 

7. Resuspend the transformed yeast cells in 200 p.1 of H20 per trans
formation. 

8. Determine the transformation efficiency for two of the identical 
transformations by plating 100 p.1 of a 10-2 and a 10-3 dilution on 
SD medium lacking leu (for Y187: SD + ade, trp, met, his). The ex
pected number of transformants per transformation reaction is at 
least 105 when using Y187. 

9. Plate each transformation reaction on 3 standard plates or on a 
large (150 mm) plate with SD medium lacking leu and his and 
containing the appropriate concentration of 3-AT as determined 
in step 3 (for Y187: SD + ade, trp, met + x mM 3-AT). 

10. Incubate plates at 30°C for at least 3 days and up to 10 days. 
11. Streak putative positives on fresh plates containing the same me

dium as used during library screening. 
12. An optional step when using Y187 is to perform a colony filter lift 

assay for f3-galactosidase activity. Y187 contains a lacZ reporter 
gene with upstream Gal4 target sites. Activation of this reporter 
gene may indicate that the cDNA library clone encodes a non
specific DNA-binding protein. 

13. Isolate the library plasmid from each putative positive according 
to the plasmid isolation procedure. If a large number of positives 
has been obtained, it is useful to try to narrow down the number 
of clones that need to be analyzed further. Identical or overlap
ping clones can be identified on the basis of restriction and cross
hybridization patterns. 

14. Retransform the yeast reporter strain and the control yeast strains 
(see step 2) with the library plasmid and select transformants on 
SD plates lacking leu (see step 8). Also transform each strain with 
the empty library vector. 
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15. Check growth of the transformants in a 3-AT titration experiment 
(see step 3) to compare the strength of reporter gene activation 
among the different positives. Use the strain containing the 
empty vector as a control. True positives should specifically acti
vate the reporter strain with wild-type target sites. 

16. As first steps in the subsequent analysis of cDNAs that encode 
putative DNA-binding proteins we recommend to perform partial 
sequence analysis and database searches to detect possible ho
mologies with described DNA-binding proteinsB• Furthermore it 
should be verified that the cDNA-encoded protein is indeed ca
pable of binding the target site, for example by producing in vitro 
translated proteins using the TNT® coupled reticulocyte lysate 
system (Promega) and testing these in electrophoretic mobility 
shift assays (protocols described elsewhere). Alternatively, puri
fied GST or HIS-tagged fusion proteins can be used. 

Notes 
1. A convenient method for multimerization of DNA elements is described by Ou

werkerk and Memelink [47]. 
2. Transformants should turn pink on YAPD medium due to the ade2-101 mutation; ig

nore small white colonies as these carry a spontaneous mitochondrial mutation. Do 
not select transformants on SD medium as this would require a much higher G418 
concentration. An optional step is to verify the integration of the reporter gene con
struct by Southern analysis with the PDC6 gene and the reporter gene as probes. 
Yeast chromosomal DNA can be isolated with the Nucleon MiY kit (Amersham). 

3. 3-AT (3-amino-1,2,4-triazole, Fluka 09540) is a competitive inhibitor of the His3 en
zyme. 3-AT is added to the medium (at ca. 60°C) just before pouring plates from a 
filter-sterilized 1 M stock solution (stored at 4°C). 

4. G418 selection is no longer required from this stage onwards, as the integrants are 
stable. 

5. Background growth on SD medium lacking his and containing 3-AT may result from 
activation of the reporter gene by an endogenous yeast factor. If growth can be in
hibited by low concentrations of 3-AT, in our experience it usually does not interfere 
with the identification of DNA-binding library proteins in a one-hybrid screening. 
However, one must be aware of the possibility of isolating artefacts that do not bind 
DNA, but enhance the activity or abundance of the endogenous yeast factor. 

6. The optimal 3-AT concentration is somewhat dependent on plating density. There
fore it can be useful to fine tune further the 3-AT concentration under the conditions 
as used in a library screening. 

7. Although it is possible to scale up the reaction volume rather than to perform iden
tical small scale transformations, this may require adjustment of the incubation 
times in the LiAc procedure to obtain the same transformation efficiency. 

8. Apart from cDNA clones encoding hybrids of the library protein and the Gal4 AD, we 
also obtained from our screenings a significant number of positive cDNA clones of 
which the protein-coding sequence was not in frame with that of the Gal4 AD. In
stead these clones contained a full length protein-coding sequence, were translated 
from their own ATG start codon, and harboured an intrinsic transcriptional activa
tion function. 
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Two-hybrid screening protocol 

A number of variants of the two-hybrid system have been developed 
as described in the introduction. Here, a protocol is given for a Ga14-
based two-hybrid library screening. Obviously, a similar procedure 
can be applied to investigate interactions between two known pro
teins. 

Steps in the procedure 
1. Construct the required bait vector and cDNA library. A suitable 

bait vector is pGST9 (2 fL ori, TRP1 selection marker; Clontech), in 
which the ADH1 promoter directs (relatively low') constitutive ex
pression ofthe bait translationally fused to the Gal4 DNA-binding 
domain (SO/bait). A suitable vector for the cDNA library is pACTl1 
which is described in step 1 of the one-hybrid screening proce
dure. The following parts of this procedure are based on the use 
of a bait vector such as pGST9 with TRP1 marker and a cDNA li
brary in a vector such as pACTIi (see step 1 in the one-hybrid pro
cedure) containing a LEU2 marker gene. 

2. Introduce the bait vector into a suitable yeast strain such as 
CG1945 (MATa, ura3-52, his3-200, lys2-801, ade2-101, trp1-901, 
leu2-3, 112, gaI4-542, gaI80-538, cyhr2, lys2::GAL 1 UAs-GAL 1 TATA
HIS3, URA3::GAL417_merS(x3j-CYC1 TATA-lacZ; Clontech). For trans
formation follow the LiAc procedure, select transformants on SO 
medium lacking trp (for CG1945: SO + his, Iys, ade, leu) and re
streak these at least once on fresh plates. 

3. To verify that the SO/bait protein is not capable of autonomous 
reporter gene activation, perform a 3-AT2 titration experiment. 
Streak colonies ofthe SO/bait strain and a control strain (CG1945 
containing an empty pGST9 vector3 ) on SO plates lacking his and 
trp (for CG1945: SO + Iys, ade, leu) and containing 0, 5,10,25,50 
or 75 mM 3-AT. For reference also streak on an SO plate contain
ing his. Incubate the plates for several days up to a week at 30°C 
and compare growth of the SO/bait and control strains. If autono
mous activation of the HIS3 reporter gene occurs and cannot be 
inhibited by a relatively low concentration of 3-AT (up to 25 mM), 
it is advisable to try to construct an alternative version of the bait 
protein in which the activation function has been deleted. Obvi
ously, this may also result in elimination of a potential interaction 
domain. 

4. Inoculate a few colonies of the SO/bait strain in 50 ml of selective 
medium (see step 2) and grow overnight with shaking at 30°C. 

5. Dilute the overnight culture to an 00600 of approximately 0.25 in 
YAPD and growthis culture for another 3 h at 30°C with shaking4. 
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A culture volume of 100 ml is sufficient to perform 10 small scale 
library transformations that should result in a total of 105-106 
transformants. 

6. Followthe LiAc procedure (steps 3-11) to prepare competent cells 
and to perform the desired number of identical transformation 
reactions with 1 J1-g of cDNA library plasmid each 5 • 

7. Resuspend the transformed yeast cells in 200 J1-1 of H2 0 per trans
formation. 

8. Determine the transformation efficiency for two of the identical 
transformation reactions by plating 100 J1-1 of a 10-2 and a 10-3 di
lution on SD medium lacking leu and trp (for CG1945: SD + his, 
ade, Iys). The expected number of transformants per transforma
tion reaction is between 104 - 105 when using CG1945. 

9. Plate each transformation reaction on 3 standard plates or on a 
large (150 mm) plate of SD medium lacking leu, trp, his and con
taining sufficient 3-AT (as determined in step 3) to suppress back
ground growth ofthe BD/bait strain (for CG1945: SD + ade, Iys, x 
mM 3-AT). 

10. Incubate plates at 30 °C6 for at least 3 days and up to 10 days. 
11. Streak putative positives on fresh plates containing the same me

dium used during library screening. A 3-AT titration may also be 
performed at this stage to compare the strength of reporter gene 
activation among the different positives. 

12. Check positives from step 11 for activation of the second reporter 
gene (/acZ) according to the f3-galactosidase filter assay proce
dure (use the BD/bait strain as a negative control). If the lacZ re
porter, that contains Gal4 binding sites in a different promoter 
context, is not activated, the yeast colony is likely to be a false 
positive. However, because expression of the lacZ reporter in 
CG1945 is rather weak, there is a risk of discarding a false nega
tive. 

13. Isolate the library plasmid from each putative positive according 
to the plasmid isolation procedure. Be aware that both the BD/bait 
and AD/library plasm ids will be isolated by this procedure, be
cause both carry the Ap resistance gene. Distinguish between 
these two plasm ids by restriction analysis. If a large number of 
positives has been obtained, it is useful to try to narrow down the 
number of clones that need to be analyzed further. Identical or 
overlapping clones can be identified on the basis of restriction 
and cross-hybridization patterns. 
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14. Perform co-transformations of CG1945 with the following combi
nations of plasmids: 
(a) BD/bait plasmid + AD/library plasmid 
(b) BD plasmid without insert (pGBT9) + AD/library plasmid 
(c) BD plasmid expressing an 

unrelated protein + AD/library plasmid 
Plate transformants on the same medium used during library 
screening and incubate for 3-10 days at 30°C. For true positives 
only combination (a) should allow growth. 
Alternatively, these tests can be performed by assaying lacZ re
porter gene activity. In that case it is recommended to co-transfer 
the plasm ids to a yeast strain with a more sensitive lacZ reporter 
gene than CG1945, such as strain Y187 (MATu, ura3-52, his3-200, 
ade2-101, trp1-901, leu2-3, 112, met-, ga1411, ga18011, 
URA3::GAL 1 UAs-GAL 1 TATA-1acZ; Clontech). For co-transformation 
of Y187, plate the cells on medium lacking leu and trp (SO + ade, 
met, his), incubate at 30°C for 3 days, then restreak transformants 
for f3-galactosidase filter assays. The use ofthe lacZreporter gene 
also allows quantification 7 of the two-hybrid interactions (see 
protocol). 

15. An optional test to verify further the interaction is to clone the li
brary insert in the BD plasmid and the bait in the AD plasmid and 
test these plasm ids in a two-hybrid assay. 

16. As first steps in the subsequent analysis of cDNAs that encode 
putative interacting proteins we recommend to perform partial 
sequence analysis and database searches, and to verify the inter
action by an independent method, for example in vitro [3]. 

Notes 
1. Major differences exist in the expression levels driven by the ADH1 promoter in the 

various vectors for Gal4-based two-hybrid assays. This is due to the fact that some 
vectors (e.g. the BD-vector pAS2-1 from Clontech) contain the 1500 bp full length 
ADH1 promoter that directs very high expression, whereas others contain the 410 
bp truncated ADH1 promoter that directs lower expression. However, there are also 
differences in the expression levels of different vectors with the truncated ADH1 
promoter, because in some plasm ids the expression is enhanced by upstream vec
tor sequences. Vectors with a truncated ADH1 promoter directing relatively low ex
pression are the BD-vectors pGBT (Clontech) and pBD-GAL4Cam (Stratagene) and 
the AD-vectors pGAD424, pGAD10 (Clontech) and pAD-GAL4 (Stratagene), whereas 
the AD-vectors pACT2 (Clontech) and pACTIl [41] give relatively high expression. 
Use of the high expression vectors may result in isolation of more artefacts. There
fore, most groups presently seem to prefer to use a low expression vector, at least 
for the bait construct. Some laboratories have even switched to the use of single 
copy ARS/CEN vectors instead of 2 IL vectors [32]. On the other hand certain known 
interactions could not be detected with low expression vectors [33]. 

2. See note 3 in one-hybrid screening procedure. 
3. The yeast strains described for two-hybrid screenings are leaky for HIS3 expression 

to different extents. CG1945 is slightly leaky and requires 5 mM 3-AT to suppress 
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background growth. Other strains (e.g., Y190, Clontech) may require as much as 25 
mM 3-AT to suppress background growth. See also note 6 in one-hybrid procedure. 

4. We have experienced that after overnight growth in liquid medium (even under se
lective conditions) a large percentage of the yeast cells (up to > 95%) may have lost 
the BO/bait plasmid. This is probably due to toxicity of certain BO/bait plasm ids. We 
therefore recommend to check for possible loss of the BO/bait construction by plat
ing dilutions of an overnight culture on selective and non-selective plates and com
paring the number of colonies. If loss of the BO/bait construction occurs, it will be 
necessary to co-transform the BO/bait construction together with the library in step 
6. However, co-transformation generally results in lower transformation efficiencies. 

5. See note 7 in the one-hybrid screening procedure. 
6. It can be useful also to screen at 20°C instead of 30 °C, because others have found 

that certain interactions could only be detected at this lower temperature [32]. 
7. An important consideration when comparing the strengths of different interactions 

is that the levels to which different BO or AO hybrid proteins are produced may vary, 
due to differences in mRNA or protein stability. This can be checked by Western blot 
analysis using monoclonal antibodies against the Gal4 BO and AO domains (Clon
tech). 
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Target site screening protocol 

The target site selection procedure can be applied both for random 
binding site selection and for identification of natural target genes. In 
either case a library is required of DNA fragments (respectively oligo
nucleotides of random sequence or genomic DNA fragments of 500-
1000 bp) cloned upstream of a reporter gene on a yeast/Eo coli shuttle 
plasmid. The library is introduced into a yeast strain containing an ex
pression construction (activator) of the transcription factor of interest. 
If desired, the activator can be a hybrid protein consisting of the DNA
binding portion of this transcription factor and a strong heterologous 
transcriptional activation domain (e.g., Gal4 or VP16). To be able to 
distinguish true positives (that are activator-dependent) from clones 
activated by an endogenous yeast factor, it is necessary that the acti
vator is expressed under control of an inducible promoter and/or on a 
counterselectable vector. The described procedure is an example of a 
possible strategy for target site screening. It is based on the use of the 
HIS3 reporter gene and an activator under the control of the galac
tose-inducible GAL 1 promoter and on a vector (URA3 marker) that is 
counterselectable with 5-fluoro orotic acid (5-FOA). A useful addition 
to the procedure below would be to include the ADE5 gene as a sec
tor marker on the activator plasmid as described by Liu et al. [35]. This 
plasmid facilitates discrimination between true and false positives, as 
true positives appear as red colonies, whereas false positive colonies 
that are not dependent on the activator construction show the appear
ance of white sectors. 

Steps in the procedure 
1. Construct the required reporter library and an expression con

struction of the transcription factor of interest (activator). The ac
tivator must be expressed under control of the GAL 1 promoter on 
a vector with the URA3 marker gene. Suitable vectors are de
scribed in [19]. Convenient vectors for construction ofthe reporter 
library are AHIS38 and AHIS38S [40], bacteriophage A vectors 
with Cre-loxP-mediated automatic subcloning properties that 
contain a HIS3 reporter gene preceded by a yeast TATA-box and 
a unique BamHI site for cloning of genomic Sau3A 1 fragments. 
The AHIS38/AHIS38S-derived yeast/Eo coli plasm ids (yCpHIS38/ 
YCpHIS38S) contain a TRP1 selection marker for yeast and an Ap 
resistance gene for E. coli. 

2. Introduce the activator construction into a suitable yeast strain 
such as YPH500 (MATa, ura3-52, lys2-801, ade2-101, trp1-t163, 
his3-t1200, leu2-t11 [54]). For transformation follow the LiAc pro
cedure, select transformants on SD medium lacking ura (for 
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YPH500: SD + Iys, ade, trp, his, leu), and restreak these at least 
once on fresh plates. 

3. Inoculate a few colonies ofthe activator strain into 50 ml of selec
tive medium (see step 2) and grow overnight with shaking at 
30°C. 

4. Dilute the overnight culture to an OD600 of approximately 0.25 in 
YAPD and growthis culture for another 3 hours at 30 °Cwith shak
ing'. A culture volume of 100 ml is sufficient to perform 10 small 
scale library transformations that should result in a total of 105-
106 transformants. 

5. Follow the LiAc procedure (steps 3-11) to prepare competent cells 
and to perform the desired number of identical transformation 
reactions with 1 ILg of AHIS3B/AHIS3BS-derived reporter library 
plasmid each 2 • 

6. Resuspend the transformed yeast cells in 200 ILl of H20 per trans
formation. 

7. Determine the transformation efficiency for two of the identical 
transformation reactions by plating 100 ILl of a 10-2 and a 10-3 di
lution on SD medium lacking ura and trp (for YPH500: SD + Iys, 
ade, his, leu). The expected number of transformants per trans
formation reaction is 104 -105 when using YPH500. 

8. Plate each transformation reaction on, for example, 10 large (150 
mm) plates of SD medium lacking ura and trp. A low plating den
sity (approximately 1000 colonies per plate) is required for replica 
plating in the following steps. 

9. Incubate plates at 30°C for 3 days. 
10. To identify activator-dependent his+ colonies, replica plate the 

colonies on (1) SD medium lacking ura, trp and his and contain
ing 3-AT (SD + Iys, ade, leu, x mM 3-AD and (2) SDgal medium 
lacking ura, trp and his and containing 3-AT (SD with 2% galac
tose instead of glucose + Iys, ade, leu, x mM 3-AD3. 

11. Incubate plates at 30°C for 3 days up to 10 days. Colonies that ap
pear on glucose medium are false positives, as these are activa
tor-independent. Colonies that appear only on galactose medium 
are putative positives. Note that growth of yeast on galactose is 
always slower than on glucose 4 • 

12. To confirm the activator-dependent growth of the putative posi
tives from step 11, replica plate or streak these colonies on (1) 
SDgal lacking ura, trp and his and containing 3-AT (SD with 2% 
galactose instead of glucose + Iys, ade, leu, x mM 3-AD and (2) 
SDgallacking trp and his and containing 3-AT and 5-FOA (SD with 
2% galactose instead of glucose + ura, Iys, ade, leu, x mM 3-AT, 
0.1% 5-FOA5). 

13. Incubate plates at 30°C up to 2 weeks (growth on 5-FOA medium 
may be very slow). Colonies that appear on 5-FOA medium are 
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false positives, because the activator plasmid is counterselected. 
Activator-dependent putative positives grow only on 5-FOA-lack
ing galactose medium. 

14. Isolate the library plasmid from each putative positive according 
to the plasmid isolation procedure. 

15. Retransform the yeast activator strain with the library plasmid 
and select transformants on SD plates lacking ura and trp (see 
step 7). 

16. Streak transformants on SDgal plates lacking ura, trp and his and 
containing 3-AT (see step 10). A 3-AT titration may also be per
formed at this stage to compare the strength of reporter gene ac
tivation among the different positives. 

17. Ifthe capability ofthe reporter plasmid to allow growth ofthe ac
tivator strain on galactose-containing medium lacking histidine is 
confirmed in step 16, proceed with analysis of the putative target 
site isolated. In brief this analysis could entail the following. Se
quence the DNA fragments containing the putative target sites. 
Perform database searches and discard fragments showing ho
mology to known coding regions or containing repetitive DNA se
quences. Make alignments of the various fragments isolated and 
search for a putative consensus binding site. Perform electro
phoretic mobility shift assays or footprinting experiments with 
the isolated DNA fragments to confirm that the transcription fac
tor of interest is capable of binding the DNA fragment in vitro. 
Clone the DNA fragment upstream of a plant reporter gene and 
test if this construct is inducible by the transcription factor (if nec
essary fused to a strong transcription activation domain) in tran
sient assays or in stable transformants. If these tests are positive 
and when screening for natural target sites, the corresponding 
gene should be isolated by screening a genomic DNA library with 
the isolated DNA fragment. Further clues that the isolated gene is 
a true target of the transcription factor can be obtained by check
ing for co-localization of the target gene product and the tran
scription factor and by investigating whether the putative target 
gene is up or down regulated in transgenic tissues harbouring 
sense or antisense expression constructions of the transcription 
factor. 

Notes 
1. Check for possible loss of the activator plasmid: see note 4 in two-hybrid screening 

procedure. 
2. See note 7 in one-hybrid screening procedure. 
3. To avoid isolation of reporter gene plasm ids with low affinity binding sites and to 

reduce the number of clones activated by an endogenous yeast factor, 3-AT is added 
during selection. We recommed to start with 50 mM 3-AT. If desired this concentra-
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tion may be lowered or increased. See also note 3 in one-hybrid screening proce
dure. 

4. Growth on galactose medium can be improved by the addition of 2% raffinose. Raffi
nose itself does not interfere with galactose induction or glucose repression of the 
GAL 1 promoter. 

5. Dissolve 5-FOA (Duchefa, Haarlem, The Netherlands, F0176) directly in the culture 
medium (at ca. 60°C) just before pouring plates. 
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LiAc-mediated transformation of yeast 

The introduction of DNA into yeast can be accomplished by various 
methods, such as electroporation, spheroplast transformation, and 
LiAc-mediated transformation. The LiAc-procedure is the preferred 
method for library screenings as it is simple and reproducible and re
sults in high transformation efficiencies. Depending on the yeast 
strain used, we generally obtain 104 -106 transformants/lLg DNA with 
the procedure described below. Please note that in library screenings 
it is more important to maximize the total number of transformants 
per transformation than to obtain the highest possible efficiency. 
Thus, when using for example 10 ng of DNA per transformation the 
efficiency may be as high as 107 -108/IL9, butthe total number oftrans
formants obtained will be significantly lower than in a transformation 
with 1 ILg of DNA. The procedure described below is modified from 
Gietz et al. [23]. Useful tips may also be found at the internet homep
age of the Gietz laboratory (http://www.umanitoba.ca/faculties/medi
cine/human_genetics/gietz). 

Steps in the procedure 
1. Inoculate a few yeast colonies in 50 ml of YPD (or YAPD for yeast 

strains carrying an ade 1 or ade2mutation) medium and grow over
night with shaking at 30°C. When the yeast strain already con
tains an episomal vector, grow the culture in selective medium. 

2. Dilute the overnight culture to an OD600 of approximately 0.25 in 
YPD' (or YAPD) and grow this culture for another 3 h at 30°C with 
shaking2. 

3. Transfer the culture to 50 ml tubes and centrifuge at 2500 rpm for 
2 min in a swing out table top centrifuge at room temperature. 

4. Discard the supernatant fluid, resuspend the cells in 50 ml H20 by 
vortexing and centrifuge as in step 3. 

5. Discard the supernatant fluid and resuspend the cells in 1 ml of 
freshly prepared 1 xTE/1xLiAc. 

6. Transfer the resuspended cells to an eppendorf tube, centrifuge 
for 30 s at full speed and resuspend the pellet in 250 ILl 1 xTE/ 
1 x LiAc. The yeast cells are now competent for transformation 
and immediate use is recommended for optimal efficiency3. 

7. For transformation, mix 1 ILg of plasmid DNA and 25 ILg of Yeast
maker carrier DNA 4 (Clontech) with 50 ILl of competent cells. Prior 
to use the carrier DNA should be boiled for 10 min and then 
placed on ice. For co-transformation of two or more plasm ids use 
2-3 ILg of each plasmid. Integration vectors should be linearized 
prior to transformation. 

8. Add 300 ILl of freshly prepared 40%PEG/1 xTE/1 xLiAc and vortex 
to mix. 
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9. Incubate at 30°C for 30 min with shaking. 
10. Transfer tubes to a 42°C waterbath and incubate for 15 min 5 • 

11. Centrifuge cells for 30 s in an eppendorf centrifuge and resuspend 
the pellet in 50-200 ILl of H20. 

12. When selecting for an auxotrophic marker, plate cells on SO me
dium lacking the appropriate amino acid. When selecting for an 
antibiotic resistance marker gene, grow the cells for 4-6 h in YPD 
(or YAPD) medium at 30°C with shaking, then centrifuge the cells 
and plate on YPD (or YAPD) medium containing the appropriate 
antibiotic. 

Notes 
1. It is recommended to use YPD also for cultures grown overnight in selective me

dium, as this may result in higher competence. 
2. For optimal transformation efficiency it is important that the cells are harvested dur

ing the exponential growth phase (OD600 0.4-0.8). Therefore, it may be necessary to 
adjust the incubation time for certain yeast strains. 

3. When high transformation efficiency is not required, it is possible to use competent 
cells stored at -80°C in 20% glycerol/1xTE/1xLiAc or to prepare competent cells di
rectly from the overnight culture or by resuspending a few yeast colonies from an 
YPD or SD plate in 1xTE/1xLiAc. 

4. Yeastmaker carrier DNA (Clontech) is sheared herring testes DNA. We recommend 
to use the commercial carrier DNA preparation, as the quality (average size range) 
of the carrier DNA is an important factor in determining transformation efficiency. 
Avoid repetitive freeze-thawing of the carrier DNA. 

5. The optimal conditions for transformation are strain-dependent. For some yeast 
strains the efficiency may be improved by lengthening or shortening the 42°C incu
bation step or by adjusting the temperature of this step (vary between 38 and 42°C). 

Solutions 

10xTE stock: 0.1 M Tris/HCI 
10 mM EDTA 
pH 7.5 
autoclave 

10xLiAc stock: 1 M LiAc 
pH 7.5, adjust with diluted acetic acid 
autoclave 

50% PEG stock: 50% polyethylene glycol (PEG) 4000 (Merck, 807490) 
autoclave; solution is hygroscopic: store in small 
portions in well-closed bottles 

1 xTE/1x LiAc: prepare fresh from 10xTE and 10xLiAc stocks and 
sterile H2 0 

40%PEG/1 xTE/1 x LiAc: prepare fresh from 50% PEG, 10xTE and 
10xLiAc stocks 
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Plasmid isolation from yeast 

Steps in the procedure 
1. Grow a 10 ml overnight culture in selective medium. 
2. Centrifuge 3-4 x 1.5 ml ofthe culture in an eppendorf tube for 30 s 

at full speed. 
3. Resuspend the pellet in 200 ILl of 0.9 M sorbitol/50 mM EDTA (pH 

8.0) containing 4 mg/ml freshly added Iyticase (from Arthrobacter 
luteus, 750 U/mg, Sigma L-4025). 

4. Incubate for 60 min at 30 °C to produce spheroplasts. 
5. Centrifuge for 5 min at 3000 rpm 1 in an eppendorf centrifuge. 
6. Use the pellet to perform a standard alkaline lysis plasmid DNA 

miniprep as normally used for plasmid isolation from E. coli. Dis
solve the plasmid DNA in 20 ILl of TE. 

7. Use 2-10 ILl for transformation of chemically competent E. coli cells 
or electroporate 1-2 ILl to electro-competent E. coli cells 2 • 

8. Isolate DNA from the E. coli transformants by a standard plasmid 
DNA miniprep procedure 3 • 

Notes 
1. Centrifugation at higher speed will results in premature lysis of spheroplasts. 
2. For isolation of multicopy (2 J.L) plasm ids transformation of chemically competent 

cells (transformation efficiency 2! 10 6/J.Lg DNA) is usually satisfactory. For single 
copy (ARS/CEN) plasm ids it may be necessary to use electro-competent cells with a 
higher transformation efficiency. 

3. When isolating plasm ids from positive yeast colonies resulting from a library 
screening, it is advisable to check the plasmid DNA preparations from several E. coli 
transform ants by restriction endonuclease analysis, because of the possibility that 
the yeast cells may have been harboring more than one library plasmid. Also be 
aware of the fact that recombination between different vectors may occur in yeast. 
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Filter assay for [3-galactosidase activity 

Steps in the procedure 
1. Plate or restreak yeast transformants 1 on selective medium and in

cubate for 1-3 days at 30°C. 
2. Lift the yeast cells with a filter of reinforced nitrocellulose2 (Optit

ran BA-S 85, 0.45 p,m, Schleicher and Schuell). Proceed directly 
with the filter or - for maximum sensitivity - incubate the filter 
overnight on a fresh plate of selective medium. 

3. Place the filter in a polystyrene tray and pour liquid nitrogen over 
the filter. 

4. Let the filter thaw, then pour liquid nitrogen over the filter again. 
5. Let the filter thaw, then place it in a petridish on a Whatman filter 

paper soaked in Z-buffer containing freshly added f3-mercaptoet
hanoi (50 mM) and X-GAL (0.3 mg/ml). 

6. Incubate at 30°C for 15 min up to several hours and check periodi
cally for blue staining 3 • 

Notes 
1. Positive control plasmids are available, for example, from Clontech. 
2. Normal nitrocellulose can be used, but easily cracks when frozen. 
3. Overnight incubation sometimes results in false positives. 

Solutions 

Z-buffer: 60 mM Na 2HP04 
40 mM NaH 2P04 
10 mM KCI 
1 mM MgS04 
adjust to pH 7.0 
autoclave 

X-Gal stock: 30 mg/ml 5-bromo-4-chloro-3-indolyl-f3-D-galactopyra
noside (X-Gal) in N,N-dimethylformamide 
store at -20°C 
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Quantitative j3-galactosidase assay 

Steps in the procedure 
1. Grow yeast cultures in selective medium to an 00 of 0.5 - 0.7 and 

determine the exact 00600• Alternatively, resuspend colonies 
from fresh plates of selective medium in water to an 00 of ap
proximately 0.6 and determine the exact 00600• When assaying 
larger numbers of cultures, it is convenient to use a microtiter 
plate reader for the 00600 measurements. For accuracy, assay 
each culture in duplicate or triplicate. 

2. Spin down 0.5 ml of the culture or resuspended yeast cells in an 
eppendorf tube by centrifugation for 30 sec at full speed. 

3. Carefully remove the supernatant solution, then wash the pellet 
in 1 ml of Z-buffer and centrifuge again for 30 s at full speed. 

4. Carefully remove the supernatant solution and resuspend the pel
let in 100 ILl of Z-buffer. 

5. Freeze the tube in liquid nitrogen for 1 min, then thaw in a 37°C 
water bath. 

6. Immediately after thawing, repeat step 5 once. 
7. Add 700 ILl of Z-buffer containing 50 mM f3-mercaptoethanol. 
8. Start the incubation by addition of 160 ILl of ONPG 1 solution, 

record the time, vortex and place the tube in a 30°C waterbath or 
heat block. It is recommended to start the different reactions at, 
for example, 30 s intervals. Also set up a blank reaction with 100 
ILl of Z-buffer instead of yeast suspension. 

9. Mix the reactions by inversion approximately every 15 min to pre
vent sedimentation of the yeast cells and check for development 
of a yellow color. 

10. Stop reactions that have turned yellow by the addition of 400 ILl 
of 1 M Na 2C0 3 , mix and record the time. 

11. Centrifuge the tubes in an eppendorf centrifuge for 5 min at full 
speed. 

12. Carefully transfer the supernatant solutions to cuvettes or to the 
wells of a microtiter plate and determine the absorbance at 420 
nm. Use the blank reaction as reference for calibration. The assay 
is linear at A 420 < 1. 

13. Calculate the f3-galactosidase activity in Miller units [42], accord
ing to the following formula (1 unit is defined as the amount 
which hydrolyzes 1 ILmol of ONPG per min): 
f3-galactosidase units = 1000 x A 4201(t x V x 00 600) 

t = incubation time (min) 
V = culture volume assayed (0.5 ml) 
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Notes 
1. More sensitive detection of J3-galactosidase activity is possible by using CPRG or 

Galacton-Star™ (Clontech) as substrate. We have no experience with this, but assay 
procedures are described in the Clontech Yeast Protocols Handbook. 

Solutions 

Z-buffer: see description in the {3-galactosidase filter assay 
procedure 

ONPG solution: 4 mg/ml o-nitrophenyl-{3-D-galactopyranoside in Z
buffer prepare fresh before use 
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Introduction 

Several site-specific recombination systems have been tested for genome ma
nipulations in plants [17]. One particular application is to direct the insertion of 
DNA into recombination sites previously placed into the genome [2]. Because it 
is a commonly held belief that expression variation results from "position ef
fects" (the random chromosome locations of transgenes), integrating DNA into 
a defined chromosome location is thought to reduce trans gene expression vari
ability among independent transformants. There is recent indication that this 
"position effect" does not account for all of the variability of trans gene expres
sion [16]. However, site-specific DNA integration remains an attractive transfor
mation tool for additional reasons: It can produce transgenic plants that predomi
nantly harbor single copy and precise molecules, i.e., molecules without the 
rearrangements and truncations frequently seen with other transformation sys
tems [1]. To have single copy insertions may by itself eliminate one of the fac
tors most frequently linked to multicopy associated transgene silencing [13, 18]. 

The site-specific DNA integration experiments described by Albert et al. [1] 
rely on use of the ere-lox recombination system from bacteriophage PI [9]. It 
consists of two components: a 38 kDa ere recombinase and a 34 basepair (bp) 
lox recombination site. The lox site is composed of an asymmetrical 8 bp spacer 
sequence flanked by 2 copies of a 13 bp sequence in opposite orientations (Fig
ure 1). In this paper the 13 bp inverted repeat will be referred to as the right and 
left elements. These elements are the recognition and binding sites for the ere 
protein, with one ere monomer binding to each element. ere binding to the el
ements is a cooperative process, so that binding of a ere monomer at one ele
ment promotes the binding of another ere monomer at the other [3, 6, 12]. 

ere-lox directed transgene insertion involves a recombination reaction be
tween a chromosomal lox site and a circular trans gene construct containing a 
second lox site. A first requirement is to generate transgenic plants containing a 
chromosomally integrated lox site. A plant line with an integration site, or 'tar
get', may be used for many experiments, so verification of the integrity of the 
chromosomal target is essential. We have used the binary vector pBIN19 [4] and 
Agrobacterium-mediated transformation to generate our transgenic target to
bacco lines. Because pBIN19 carries the nptII gene as a selection marker, a dif-
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A. 
Left element 8 bp spacer Right element 

loxP ATAACTTCGTATA GCATACAT TATACGAAGTTAT 
X 

JoxP ATAACTTCGTATA GCATACAT TATACGAAGTTAT 

lox66 ATAACTTCGTATA GCATACAT 
X 

TATACGAAcggta 

lox71 taccgTTCGTATA GCATACAT TATACGAAGTTAT 

lox76 ATAACTTCGTATA GCATACAT TATACGcccggta 
X 

lox75 taccgggCGTATA GCATACAT TATACGAAGTTAT 

B. 
Fig. 1. (A) Nucleotide sequence of the wild-type lox site (loxP) and two pairs of modified lox sites. 
Lower case letters indicate deviation from loxP sequence. (B) Symbol for lox used in this paper 
show outer rectangles representing the right and left elements (13 bp inverted repeat) and the arrow-

head representing the orientation of the central spacer (8 bp). 

ferent selectable marker gene was used to select ere-lox mediated integration of 
additional DNA. For this purpose, we used the hpt gene (hygromycin phospho
transferase) that confers resistance to hygromycin [7]. Upon verification of a 
satisfactory target plant line, circular trans gene constructions containing a lox 
site can then be integrated into the chromosomal lox site. The product of the 
recombination is the integrated linearized construction flanked by two lox sites 
(Figure 2). Because ere-lox recombination is freely reversible, the two lox sites 
flanking the transgene can recombine again to excise the intervening DNA. Re
combination between two lox sites closely linked on the same molecule is more 
likely than recombination between lox sites on independent molecules. There
fore excision is favored over the insertion reaction. This means that integration 
events may occur only transiently in the presence of ere recombinase. 

To obtain a stably integrated molecule, two approaches have been used to 
abolish ere activity after site-specific integration. In the first approach, ere ac
tivity is provided through the transient expression of a ere construction. Target 
plant cells are co-transformed with two constructs: the insertion plasmid con
struction containing a lox site, and the ere expression construction lacking a lox 
site. The ere construction provides ere recombinase for the lox-containing in
sertion plasmid to recombine with the chromosomal site. Unless the ere con-
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======b==~~~=c======== 

1 ~ recombinase 

==b~~F====a====~~~c= 
Fig. 2. Recombination between a chromosomal lox site and a lox site-containing plasmid. Arrows 

between the two states indicate that excision is favored over integration. 

struction integrates stably into the genome, it will be lost upon cell division and 
thereby deplete ere recombinase activity. An example of this has been shown 
through the transient expression of pMM23 , a 35S-ere plasmid, where 35S is the 
cauliflower mosaic virus 35S RNA promoter [14]. In the second approach, the 
chromosomal target construction contains a 35S-lox-ere construction where the 
target lox site is situated between the promoter and ere coding region. Insertion 
into the target lox site displaces the ere gene from its promoter and results in 
termination of ere expression (Figure 3). 

A supplementary strategy for stabilizing ere-lox insertions has been the use 
of modified lox sites engineered to make the recombination reaction a directional 
process. Development of lox sites that contain base changes in one element but 
retain the wild-type sequence for the other element and which are still recog
nized by ere have been described [1]. The nucleotide sequences for the wild
type lox site (loxP) and two pairs of modified lox sites that were successfully 
used in plant transformation are shown in Figure 1. Recombination between one 
of these modified sites and a complementary site, i.e., a lox site with base 
changes in the opposite element, produces one lox site which is fully wild-type 
and the other with base changes in both elements (Figure 4). This 'double mu
tant site' is poorly recognized by ere, and hence excision is inhibited. Using 
complementary modified lox sites in the chromosomal target construction and in 
the insertion plasmid serves to stabilize these integration events. 

As the substrate for ere recombinase is double-stranded DNA, trans gene con
structions for integration into a chromosomal lox site can be introduced by di
rect DNA transformation. In tobacco and other systems where regeneration from 
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hpt 

355 
~ 

ere HygS 

Cre+ 

t ~ recombinase 

355 []¢[] hpt []¢[] ere HygR 

Cre-
Fig. 3. Control of Cre activity by promoter displacement. The ere gene is expressed from the chro
mosomal target construction. An insertional recombination event separates the ere coding region 

from its promoter (35S) and terminates ere expression. 

a 

=======b==~~=C======= 

t ! recombinase 

==b~[]¢[]F====a====~~~=c= 
Fig. 4. Stabilization of Cre-lox insertion events by use of modified lox sites. Recombination be
tween one lox site containing a modified left element (filled rectangle) and a 'complementary' lox 
site containing a modified right element produces a 'double-mutant' lox site that is poorly recog-

nized by Cre. Thus, the integrated molecule is less prone to excise. 
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protoplasts has been worked out, polyethylene glycol-(PEG) mediated transfor
mation of protoplasts is an effective approach. The protocol below is adapted 
from the published work of numerous researchers [5, 14, 15, 19, 20]. 

The configuration of the selectable marker can be designed so that random 
insertions of the trans gene construction do not ordinarily give rise to resistant 
calli. The chromosomal target construction contains a lox site immediately 
downstream of a promoter, and an insertion plasmid contains a lox site imme
diately upstream of a promoterless selectable marker gene (Figure 5). Intermo-

gene 
of 

interest 

promoterless 
hpt 

=====3=5=S~~~======== 

t recombinase 

35S [J¢{]l=h:::::::p=t==G=O=1 ===l[J¢{]I=== 
Fig. 5. Use of a promoterless selectable marker gene to reduce recovery of random insertion events. 
The insertion plasmid contains the 'gene of interest' (OOI) and a promoterless selectable marker 
gene (hpt). ere mediated insertion places the selectable marker gene immediately downstream of the 

chromosomal target promoter (35S) to confer a resistance phenotype. 

lecular ere-lox recombination places the selectable marker gene immediately 
downstream of the target site promoter, resulting in transcription of the select
able marker and manifestation of the resistance phenotype. Insertion plasmids 
that integrate elsewhere in the genome would not produce the resistance pheno
type unless the insertion plasmid breaks upstream of the lox site and then fuses 
hpt to an endogenous plant promoter. This combination of events would be less 
probable than site-specific integration. Indeed, fusion of the insertion plasmid to 
endogenous promoters was not found among 58 hygromycin resistant plants 
analyzed [1]. 
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Procedures 

Maintenance of target plant lines 

The following example is for Nicotiana tabacum cv. Wisconsin 38. 
Transgenic tobacco plants harboring chromosomal lox target sites 
are grown axenically by standard tissue culture procedures. Grow the 
plants in Magenta boxes on MSNT medium with 0.8% Bacto-Agar at 
26°C with 16 h of light per day. Transfer stem apices every four to six 
weeks to maintain healthy growing plants. 

Isolation of protoplasts and PEG transfection 

1. Harvest young healthy leaves about 3-4 cm long. 
2. Place 5 to 8 leaves per petri dish containing 15 ml protoplasting 

enzyme solution. 8 leaves typically yield ca. 107 protoplasts. 
3. Stack the leaves 2 deep and cut into strips about 2 mm wide, per

pendicular to the mid-rib, using a sterile scalpel. 
4. Seal the plates with parafilm and agitate on a platform shaker at 

the lowest speed (ca. 80 rpm) for 10 min. 
5. Incubate 14 to 18 h at room temperature in the dark. 
6. Agitate on platform shaker at lowest speed (ca. 80 rpm) for 

10 min. 
7. Gently pipette leaf debris up and down in a wide-bore 25 ml pi

pette to release protoplasts. Transfer digestion mix to sterile 100 
mesh nylon screen to filter debris. 

8. Transfer filtered protoplast solution to 50 ml conical polypropy
lene tube and centrifuge 20 min, 200 g, at room temperature in a 
swinging bucket rotor to float the protoplasts. 

9. Transfer the floating protoplasts to a fresh 50 ml conical polypro
pylene tube. This step requires patience and practice. A relatively 
narrow 5 ml pipette with an automatic pipetter works best. Touch 
the pipette tip to the surface of the liquid and gently move the pi
pette up while drawing in protoplasts until the pipette leaves the 
surface. Repeat until all of the protoplasts have been harvested, 
but keeping the volume less than 10 ml. 

10. Dilute the protoplasts with 4 volumes W5 and mix gently. Pellet 
the protoplasts for 5 min., 200 g, at room temperature. 

11. Remove the supernatant fluid and gently resuspend the proto
plasts in 40 ml W5. Pellet as in step 10. 

12. Repeat the W5 wash as in step 11. 
13. Resuspend the pellet in 10 ml W5 and count the protoplasts in a 

hemocytometer. 
14. Aliquot 2 x 106 intact protoplasts into 50 ml conical polypropy-
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lene tubes for each transformation. Add MaMg to 10 ml and pel
let as above. 

15. Remove the supernatant solution and resuspend with 0.5 ml 
MaMg. Total volume would be ca. 0.6 ml. 

16. (optional) Heat shock cells 5 min in a 45 DC water bath. Remove 
tubes and place at room temperature. Heat shock has been re
ported to improve transient expression, but we see reduced pro
toplast regeneration. 

17. After 10 to 15 min, or directly if not using heat shock, gently mix 
in transformation DNA. Typically, we use 10 ILg supercoiled plas
mid DNA plus 50 ILg carrier DNA. If co-transforming with a cre ex
pression plasmid, include an additional 10 ILg of this DNA, for a 
total of 70 ILg. Make certain that all of the DNA samples are asep
tic. The total DNA used is typically in a volume of less than 30 ILL 

18. Gently add 0.6 ml 40% PEG in MaMg and swirl gently. 
19. Incubate at room temperature for 25 min, gently swirling occa

sionally. 
20. Slowly and gently, dilute protoplasts with 10 ml K3A media. We 

add 2 ml dropwise, swirling as we add. Then wait at least 10 min 
before the next addition of another 2 ml. This slow dilution is 
VERY tedious, but in some cases, it seems to have a major effect 
on protoplast regeneration. 

21. Transfer protoplasts to petri dishes (we use NUNC). Add an addi
tional10 ml K3A and gently mix. Protoplasts should now be at ap
prox. 5 x 104/ml, if 50% survived the PEG treatment. At this point 
you can check the protoplasts on an inverted microscope. Many 
shrunken (evacuolated) or broken cells indicate problems. Seal 
the plates with parafilm; incubate in the dark (without shaking) at 
26 DC. 

Selection and regeneration of transformants 

1 After 1 week, the protoplasts should have undergone wall regen
eration and several cell divisions. Transfer protoplasts to a 50 ml 
conical polypropylene tube (save the plate and keep covered, as 
many protoplasts will be stuck to the plate) and add an equal vol
ume ofthe wash solution. Mix gently and pellet for 7 min, 200 g, at 
room temperature. 

2 Remove the supernatant fluid except ca. 0.5 ml. Resuspend pellet 
gently and transfer to the original plate. If the protoplasts look very 
dense, divide them into 2 plates. Add 20 m11% Seaplaque low melt
ing agarose in 1X K3A at 37-40 DC. Swirl gently to distribute proto
plasts evenly. Allow agarose to gel. 

3. Cut protoplast embedded agarose into quarter portions with a ster
ile spatula. Transfer 1/8 of the amount to a fresh plate containing 
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30 ml K3A for a non-selected control (this will gauge protoplast via
bility). Add 30 ml K3A with selection agent (we use hygromycin B 
at 20 /A-g/ml). Use sterile spatula to loosen and float agarose sec
tions. Seal plates with parafilm and rotate at 80 rpm on a platform 
shaker, in the dark at 26 DC. 

4. Renew liquid media every week. Many micro-calli will be loosened 
from the agarose and will be free in the medium; use caution to 
minimize the loss of these micro-calli. 

5. Resistant calli (ca. 1-2 mm) should become visible by 3 to 6 weeks. 
These can be transferred to solid shooting media (MSNTS) with 
selection (such as hygromycin B at 20/A-g/ml) and moved to a 
growth chamber with 16 h light, 26 DC. 

6. Shoots that arise can be transferred to solid MSNT in magenta 
boxes. We do not add a selection agent to the rooting medium. 

7. To confirm stable maintenance of a selectable marker gene, a 
'shooting assay' may be used. Remove a leaffrom a putative trans
genic plant, place it on solid MSNTS with selection, and cut the leaf 
into small (ca. 0.5 to 1.0 mm square) pieces. Use a leaf from an un
transformed plant as a negative control. Transformed leaf pieces 
will develop callus along the cut edges within ca. 2 weeks, and 
shoots will develop within a few weeks thereafter. 

8. PCR with primers flanking the upstream and downstream lox sites 
of the integration junction can be used to confirm targeted inser
tion. DNA gel blots can be used to analyze copy number, construc
tion integrity, and the presence of random integration events. 

Media and solutions 

final concentration 

1X MS salts 
3.13 mM CaCI 2 .2H 2 0 
1.67 mM xylose 
400 mM sucrose 
1X B5 vitamins 
10.8 /A-M NAA 
2.22 /A-M BA 

PMBM-N3/8 

amount for 1 liter 

4.3 g 
0.46 g 
0.25 g 
137.0 g 
1.0 ml1000X stock 
1.0 ml 2 mg/ml stock 
25.0 /A-I 20 mg/ml stock 



K~ 

final concentration 

1X MS salts 
3.13 mM CaCI 2 . 2H 20 
1.67 mM xylose 
300 mM sucrose 
400 mM mannitol 
1X B5 vitamins 
5.38 JLM NAA 
888 'TIM BA 
452 'TIM 2,40 

amount for 1 liter 

4.3 9 
0.46 9 
0.25 9 
102.96 9 
72.8 9 
1.0 ml1000X stock 
0.5 ml 2 mg/ml stock 
10.0 JLI 20 mg/ml stock 
0.5 ml 200 JLg/ml stock 

For K3AS and K3A: Adjust to pH 5.8 with 1 N KOH, adjust to 1000 ml 
with H20, filter sterilize with 0.45 micron filter. MS salts (GIBCO BRL 
#11117-066), NAA = a-naphthaleneacetic acid (GIBCO BRL #21570-
015), BA = Benzyladenine (GIBCO BRL #16105-017); 2,4-0 = 2,4-
dichlorophenoxyacetic acid (Sigma #07299). NAA and BA stocks dis
solved in OM SO, 2,4-0 stock dissolved in ethanol. These solutions are 
stable at room temperature for at least one month. 

W5 

final concentration 

154 mM NaCI 
125 mM CaCI 2 • 2H 20 
5 mM KCI 
5 mM glucose 

amount for 1 liter 

9.00 9 
18.37 9 
0.37 9 
0.90 9 

Adjust pH to 5.8 with 1 N KOH, adjust to 1000 ml with H20, filter ster
ilize with 0.45 micron filter. Stable at room temperature for at least 
one month. 
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Protoplasting enzyme solution 
1% Cellulase R10 (Serva #16419) 
0.2% Macerozyme (Serva #28302) 

Dissolve in K3AS, pH to 5.8 with 1 N KOH, centrifuge 2000 g, 5 min to 
pellet insoluble material and filter sterilize through 0.45 micron filter. 
Prepare fresh for each use. 

2XMaMg 

final concentration 

0.8 M mannitol 
30 mM MgCI 2 

0.2% w/v MES 

amount for 100 ml 

14.6 9 
0.61 9 
0.20 9 

Adjust to pH to 5.6 with 1 N KOH, adjust to 100 ml with H20, filter ster
ilize with 0.45 micron filter. Stable at room temperature for at least 
one month. MES = 2-(N-morpholino) ethane sulfonic acid (Sigma 
#M8250). 

Polyethylene glycol solution 
40% w/v PEG, MW 3,350 (Sigma #P-3640) in MaMg 
Dissolve PEG in 2X MaMg, adjust total volume to make MaMg 1X. 
Check to see pH is 5.6-7.0, adjust with KOH or HCI if necessary. This 
solution may be frozen in 10 ml aliquots and stored at -20 0 C. Thaw 
and filter sterilize with 0.45 micron filter on day of use. 

1000X 85 vitamins 

final concentration 

8.12 mM nicotinic acid 
29.6 mM thiamine HCI 
48.6 mM pyridoxine HCI 
555 mM myoinositol 

amount for 100 ml 

0.1 9 
1.0 9 
1.0 9 
10.0 9 

Adjust to 100 ml with H20, filter sterilize with 0.45 micron filter. Store 
frozen at -20 0 C. Nicotinic acid (Sigma #N4126), thiamine HCI (Sigma 
#T3902), pyridoxine HCI (Sigma #P9755), myoinositol (Sigma #13011). 

Carrier DNA 
Prepare a 10 mg/ml solution of calf thymus DNA (Sigma #D1501). 
Sonicate until average size is 0.5 to 2 kb. Phenol extract, chloroform 
extract and ethanol precipitate. Alternatively, Sigma #D8661 may be 
used as supplied. 
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Wash solution 

final concentration 

0.2 M CaCI 2 • 2H 20 
0.5% w/v MES 

amount for 500 ml 

14.7 9 
2.5 9 

Adjust pH to 5.8 with 1 N KOH, adjust to 500 ml with H20. Stable at 
room temperature for at least one month. MES = 2-(N-morpholino) 
ethane sulfonic acid (Sigma #M8250). 

MSNTAgar 

final concentration 

1X MS salts 
87.6 mM sucrose 
1X B5 vitamins 

amount for 1 liter 

4.3 9 
30.0 9 
1.0 ml 1000X stock 

Dissolve in 800 ml H20, adjust pH to 5.7-5.9 with 1 N NaOH or KOH. 
Add 8 9 Bacto-Agar, adjust to 1000 ml and autoclave. 

MSNTSAgar 

final concentration 

1X MS salts 
87.6 mM sucrose 
1X B5 vitamins 
5371jM NAA 
4.441jM BA 

amount for 1 liter 

4.3 9 
30.0 9 
1.0 ml1000X stock 
50 J.LI 2 mg/m I stock 
50 J.LI 20 mg/ml stock 

Dissolve in 800 ml H20, adjust pH to 5.7-5.9 with 1 N NaOH or KOH. 
Add 8 9 Bacto-Agar, adjust to 1000 ml and autoclave. 

MS salts (GIBCO BRL #1117-066), NAA = a-naphthaleneacetic ace
tic acid (GIBCO BRL #21570-015), BA = Benzyladenine (GIBCO BRL 
#16105-017); NAA and BA stocks dissolved in DMSO. 
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Introduction 

Stable genetic transformation depends on DNA recombination, a process defined 
as a physical exchange of genetic information between interacting DNA mol
ecules. DNA recombination reactions are conveniently divided into three cat
egories: homologous recombination, site-specific recombination, and all others 
pejoratively described as illegitimate recombination. Current plant transforma
tion techniques primarily rely on the least understood mechanisms, that is, ille
gitimate recombination. As a result, genetic transformations are unpredictable 
with respect to the efficiency of transformation and reliability of transgene ex
pression. The use of homologous recombination in DNA integration processes 
(described as gene targeting) is still a very inefficient process despite substantial 
ongoing research efforts to develop such techniques both for animal and plant 
applications [1, 2]. Site-specific recombination may bridge the gap between ran
dom, unpredictable illegitimate integration and future fully controllable genomic 
DNA manipulations based on homologous recombination or other mechanisms. 
There is already available evidence that site-specific recombination can increase 
the efficiency of genetic transformation, improve its reliability, and reduce the 
extent of modifications imposed on genomic DNA during the transformation 
process. 

Site-specific recombination systems 

There are numerous site-specific recombination systems identified in prokary
otic and lower eukaryotic organisms [3]. The text-book example of such a sys
tem is the bacteriophage A integration/excision system. Although probably the 
best studied, the system is not practical because of a complex regulatory mecha
nism involved in the recombination process. Two other recombination systems 
classified within the A integrase family of site-specific recombinases, the Cre/ 
lox system of bacteriophage PI [4] and the FLP/ FRT system of the yeast 2 /-Lm 
plasmid [5], are relatively simple, requiring just two components, the recombi
nase and its cognate recognition sites, to perform recombination reactions. These 
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two systems are the most popular in plant, animal, and insect genetic transfor
mation experiments [6]. 

The mode of action 

FLP and ere recombinases are highly-specific double-strand DNA binding pro
teins having sizes of 48 kDa and 38.5 kDa, respectively. They bind to 13 bp 
binding elements of recognition target sites, either FRT - the FLP recognition 
target, or lox - the locus of crossing-over recognized by ere. Both sites contain 
an 8 bp core region flanked by the binding elements in an inverted-repeat ori
entation. The FRT site contains an additional directly-repeated binding element 
of unknown function (Figure 1). The direction of the recombination sites is de
termined by the asymmetry of the spacer region. The recombinases (ere as well 
as FLP) are capable of binding to their target integrated into chromosomes of 
other species and catalyzing the recombination reaction. This has been shown in 
all heterologous organisms tested to date including bacteria, insects, mamma
lian, and plant cells. 

FRTsite 

binding element binding element spacer binding element 
GAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTC 

• • ~4~--------
CTTCAAGGATAAGGCTTCAAGGATAAGAGATCTTTCATATCCTTGAAG 

lox site 
ATAACTTCGT~AGCATACATT~TACGAAGTTAT 

TATTGAAGCATATCGTATGTAATATGCTTCAATA 

Fig. 1. The structures of site-specific recombination target sequences recognized either by FLP re
combinase - the FRT site or ere recombinse - the lox site. 

The first step in the recombination reaction involves binding of recombinase 
monomers and a major bending of the target sites that presumably facilitates 
DNA cleavage and strand exchanges (bending-deficient mutants of FLP protein 
exhibit reduced activity at the FRT sites) [7, 8]. Two FLP monomers are required 
to bind to two symmetry elements of the FRT site to produce a 1440 bend in the 
DNA. DNA cleavage results from the nucleophilic attack of the catalytic-center 
tyrosine OH group on the phosphodiester bond at the border of the spacer re
gion and symmetry elements. The recombinase becomes covalently attached to 
the DNA and the 5'OH end of the spacer region is exchanged with the analo
gous strand of the partner target site to form a "Holliday"-like intermediate. The 
Holliday structure is resolved by a second round of transesterification reactions. 

The outcome of the recombination reaction depends on the orientation and 
position of the target sites. If two recombination sites are positioned in the same 
orientation, activity of the site-specific recombinase results in deletion of the 
DNA sequences between such sites (Figure 2). Site-specific recombination can 
invert DNA segments flanked by recombination sites that are in the opposite 
orientation relative to each other. The recombination reactions catalyzed by FLP 
or ere proteins are reversible and the direction of such a reaction is not con-
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trolled by other factors. Thus, the products of recombinational excision can re
integrate to restore the original substrates of the reaction, albeit at a reduced rate. 
Such reactions constitute an essential component of strategies designed to use 
site-specific recombination for genetic transformation protocols. 

x 
~ 

BCD 
~ . 

Integration 

II 
Excisioll 

A C B 0 
to • 

III version 

Fig. 2. Site-specific recombinases catalyze DNA integration, excision, or inversion depending on 
the orientation and position of the target sites. 

Choice of site-specific recombination system 

Despite numerous similarities between the FLP and the Cre site-specific recom
bination systems, their performances vary in different experimental setups. The 
original work on site-specific recombination in plants was done using the Crel 
lox system in tobacco and Arabidopsis [9-11]. Since then, the FLPIFRT system 
was tested in tobacco, maize, and rice [12, 13]. Sonti et al. [14] reported con
stitutive expression of FLP recombinase in Arabidopsis but two other research 
groups encountered difficulties in the production of stably transformed Arabi
dopsis plants with constitutive expression of the FLP gene [13, 15]. Additional 
work is required to clarify whether strong expression of FLP recombinase in
deed affects Arabidopsis growth. There is also an indication that the expression 
of Cre recombinase causes deviant phenotypes and retarded growth of tomato 
plants [16]. 

Cre recombinase is the popular choice in mammalian systems while both FLP 
and Cre recombinase have found successful applications in plants and flies [6]. 
As pointed out by Buchholz et al. (1996) [17], different thermo stabilities of FLP 
and Cre recombinases may contribute to the different performance of these pro
teins in different systems. In in vitro recombination assays, the optimum tem
perature range for FLP-mediated recombination is 23 DC-3~ DC (about 80% ex
cision) while Cre-mediated recombination is most efficient at 37 DC-42 DC 
(about 40% excision). In addition, the FLP recombinase is virtually inactivated 
by incubation at 37 DC and above, indicating significant thermolability of this 
protein. 

There are other factors that remain to be established such as recombinase af
finity to DNA binding sites or possible differences in the mechanism of recom
bination between Cre and FLP proteins. Indeed, crystallographic studies of the 
Cre-lox complex suggest that the mechanism of DNA strand cleavage catalyzed 
by Cre protein differs from that of FLP [18]. 
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Applications 

Site-specific recombination provides a powerful tool for precise modifications 
of eukaryotic genomes. A basic paradigm of such procedures is to integrate a 
fragment of foreign DNA that contains a site-specific recombination site and, 
subsequently, to use the site-specific recombinase to make additional rearrange
ments in a fully controllable manner. The timing, location, efficiency, and out
come of the site-specific recombination can be controlled by a variety of factors 
including mutation of recombination sites, their relative orientation to each other, 
or regulation of the level and specificity of recombinase gene expression. Some 
of the approaches to making these systems useable are discussed below. 

Excision 

Excision of chromosomal fragments catalyzed by site-specific recombinases is 
the most straightforward application of site-specific recombinations. This appli
cation has been used very successfully in complementing gene targeting experi
ments in mammalian cells [19]. Used either to remove unnecessary DNA se
quences from the targeted loci or to activate/inactivate targeted endogenous 
genes (recombination-activated gene expression-RAGE), the site-specific exci
sions have proven to be an invaluable genetic tool. These procedures have 
reached a level of sophistication where, for instance, an induced lethal genetic 
mutation of DNA polymerase 13, could be limited only to mouse T cells by the 
action of Cre recombinase in which expression was controlled by the lck pro
moter [20]. Tissue-specific expression of site-specific recombinases has been 
used in numerous studies with both Cre and FLP recombinases [reviews: 6,21]. 
For example, the tissue-specific RAGE strategy in plant cells involves the Cre
mediated activation of f3-glucuronidase in developing tobacco embryos [22]. In 
this case, the Cre recombinase was fused to the promoters of the bean f3-phaseo
lin or the soybean f3-conglycinin. By crossing a plant containing a ere gene and 
a plant containing an inactivated gusA gene, the developmental pattern of GUS 
expression in tobacco seeds was observed in FI progeny. 

Chromosomal site-specific excisions are naturally efficient enough that they 
do not need to be selected for providing that a genetic transformation procedure 
produces a high percentage of transformed cells. For example, transient trans
formation of mouse cells with the pIC-Cre vector generated deletions of the neo 
gene from a gene targeted locus (the interleukin 2 receptor l' chain gene) in 4% 
of the viable cells after transformation [23]. Lyznik et al. [24] reported 2-3% 
frequency of excisions in maize cells (without selection) as a result of protoplast 
re-transformation with the FLP recombinase gene. In yet another variation of 
the system, a fusion between Cre and a green fluorescent protein (GFP) allowed 
recovery of site-specific deletions in transiently transformed stem cells by fluo
rescence-activated cell sorting [25]. Up to 95% of the fluorescent cells showed 
DNA excison events. 
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In fact, re-transformation with a site-specific recombinase gene may not even 
be necessary if the recombinase gene is chromosomally integrated but kept si
lent during the original transformation and selection procedures. Such an experi
mental system has elegantly been documented in transgenic mice carrying lox 
target sites and the ere recombinase gene driven by a male germ line specific 
promoter (the mouse protamine Prmi promoter). Upon mating transgenic males 
to wild-type females, all transmitted target alleles were recombined in progeny 
of some of the transgenic lines [26]. 

Finally, chromosomal excisions can be induced by cross breeding animals or 
cross pollination of plants where one parent contains site-specific target sites and 
the other parent contains actively expressed cognate site-specific recombinase. 
Such a strategy frequently produces up to 100% excisions in the progeny re
ceiving both genes (Zuo-Yu Zhao, pers. Comm.) [10, 27, 28]. 

integration 

The site-specific recombinations are reversible reactions. Although excision is 
favored over integration, the product of integrative recombination can be stabi
lized providing that the recombinase activity is limited in time, or the product 
itself is no longer recognized as a substrate for the excision reaction (Figure 3). 
Sauer and Henderson [29] observed integration of the tk gene into the loxP lo
cus in transgenic mouse cells at frequencies of 5-15% as compared to the fre
quency of random integration of the same gene. O'Gorman et al. [30] reported 
50% integration efficiency (compared to random integration) for the FLP-cata
lyzed integration in monkey kidney cells. Using the same experimental proce
dures and the same cell line, Schlake and Bode [31] confirmed O'Gorman's re
sults and demonstrated that a double-reciprocal crossover is also possible at the 
target site using two mutant FRT sites in plasmid DNA molecules (Figure 3C). 
This procedure resulted in the replacement of a chromosomal DNA fragment 
with a plasmid DNA fragment flanked by two FRT sites. A similar strategy has 
been applied to replace segments of the mouse genome surrounded by heterospe
cific loxP sites [32]. Mouse NIH 3T3 cells were co-transfected with the double 
lox plasmid and the Cre expression plasmid. The successful replacement of a 
designated chromosomal gene segment was observed in about 1 % of the total 
number of viable cells plated, and it was more frequent than random, illegiti
mate recombination events. In yeast, an altered spacer region of the loxP site 
has been used to target endogenous lox-like sequences that naturally occur in 
the genome, thus achieving a specific targeting into chromosomal loci [33]. 

An alternative to the transient expression of the recombinase gene is to pro
vide the recombinase protein instead. Baubonis and Sauer [34] tested such a 
possibility by introducing purified Cre recombinase directly into cultured human 
cells. Under optimal conditions, about 100 Cre-mediated integration events were 
recovered compared to an average of 791 random integrations of the selectable 
marker gene. The efficiencies of integrative recombination was affected more by 
the position of loxP sites than the number of integration sites. 
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Fig. 3. Experimental strategies used for insertion of foreign DNA into the site-specific recombina
tion targets integrated into genomic DNA. (A) The integration event is stabilized by depletion of 
recombinase protein in transiently transformed cells. (B) The integration event is stabilized because 
binding of recombinase protein to the double-mutated target site is severely impaired. (C) The in
tegration event is stabilized because two heterospecific recombination sites do not recombine with 
each other. (D) The integration event is stabilized by inactivation of the recombinase gene as a result 

of the integration process. See text for more details. 

The FLPIFRT system was used to integrate chromosome-mobilized DNA to 
specific target sites in Drosophila chromosomes [35]. In this refined genetic 
study, the stability of integration was achieved by heat-shock inducible expres
sion of FLP or tissue-specific expression of a FLP gene controlled by the pro
moter of the f32-tubulin gene. This latter promoter is specifically expressed in 
the male germline. Tissue-specific expression of FLP protein was more efficient 
than the heat-shock treatment, producing up to 5% integration events in the 
crosses used to monitor DNA mobilization. Interestingly, heat-shock inducible 
expression of the FLP recombinase has been demonstrated in maize and Arabi
dopsis [15, 36]. 

In yet another embodiment of site-specific integration strategies, the activity 
of FLP recombinase was controlled chemically by fusion of the FLP protein to 
a steroid hormone receptor domain. It has previously been documented that fu
sion of the steroid hormone receptor domain to other proteins can render induc
ibility of their activities by steroid hormones [37]. Both ere and FLP coding 
sequences have been fused to the ligand-binding domains of steroid receptors to 
regulate recombinase activity [38, 39]. Successful targeting of the integrated 
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FRT site using the FLP recombinase fused to the human oestrogen receptor was 
demonstrated by Logie and Stewart (1995). The recombination activity was rap
idly induced by administration of estradiol, dexamethasone, or dihydrotestoster
one to E25B2 transgenic cells containing the FRT recombination substrate. The 
induced activity of the FLP recombinase caused integration of vector sequences 
into the FRT locus at frequencies up to 25% compared to random integrations. 

Site-specific integration into lox sites placed in the plant genome has been 
reported as well [40]. The authors tested mutant lox sites (to reduce excision 
activities after successful integrations) or transient expression of the ere gene 
and concluded that DNA integration at the target locus were less frequent when 
mutant lox sites were used (Figures 3A, 3B). The frequency of Cre-mediated 
integrations using transient expression of the ere gene was in the range of 10 to 
100% as compared to random integration, making this procedure a workable op
tion for introducing foreign DNA into pre-determined sites of the tobacco ge
nome. By comparison, the same strategy using a pair of mutant lox sites pro
vided evidence of targeted integration in the range of 2-16% compared to ran
dom integration in ES cells [41]. 

Chromosomal rearrangements 

Chromosome rearrangements induced by site-specific recombination systems 
can be considered a powerful mutagenic procedure allowing precise mutation of 
chromosomal structures. Recombinase-mediated chromosomal rearrangements 
have been reported in many experimental systems including yeast, Drosophila, 
mammalian cells, and plants (see reviews: [21, 42]). While the FLPIFRT system 
has been successfully used in Drosophila [43], the Crellox system has been used 
for plant chromosome manipulations [44]. The interchromosomal recombination 
of lox sites induced by cross-pollination with tobacco plants containing active 
Cre recombinse led to the balanced translocation of chromosomal segments. The 
translocation products of the site-specific recombination were verified by a re
ciprocal exchange of DNA segments adjacent to the two lox sites. 

To generate chromosomal inversions and deletions, Medberry et al. [45] used 
a modified Ds transposon containing lox sites. The Ac transposase-mediated 
transposition of the Ds-lox elements relocated the lox sites to new loci on the 
tobacco chromosome. Subsequent introduction of the Cre recombinase by cross
pollination with Cre-expressing plants induced deletion and inversion events in 
tobacco. However, many chromosomal rearrangements were not transmitted to 
progeny. An analogous system has been applied to generate chromosomal rear
rangements in Arabidopsis [46]. Two inversion events were characterized be
tween lox sites placed 5.6 and 16.5 cM from their original T-DNA lox site. One 
of them (the smaller one) was transmitted to subsequent generations as a single 
trait. 

A combination of the maize AciDs transposition system and the Crellox site
specific recombination system has been used to place lox sites on closely linked 
loci of tomato chromosome 6 [16]. Subsequent crossing of the transgenic plants 
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containing the lox sites to the ere expressing plant led to isolation of one prog
eny plant containing a chromosomal inversion of the 130 kb fragment located 
between the lox sites. In vitro ere-lox recombination demonstrated an apparent 
maximum cleavage efficiency of 50 % per chromosomal lox site. Large dele
tions of chromosomal segments from 200 kb up to 3-4 centimorgans have been 
documented in ES cells using ere-mediated recombination [47, 48]. 

Future prospects 

Site-specific recombination systems offer the possibility to gain control over the 
genomic integration process and to orchestrate rearrangements of genomic DNA 
fragments. As applications of site-specific recombination become more sophis
ticated and more site-specific recombination systems become available, such 
systems may contribute to advanced genetic analysis of genome function in eu
karyotic organisms. Thus, we have in our hands a molecular biology tool to study 
the physiological relevance of gene expression (switching selected genes on and 
off in a tissue-specific fashion), to analyze a developmental pattern of gene ex
pression, to investigate a functionaVstructural organization of eukaryotic ge
nomes (moving segments of chromosomes from one location to another), or to 
generate precisely engineered hybrid genomes containing well-defined chromo
somal fragments placed in pre-determined locations. 

The potential applications of site-specific recombination are numerous. 
Among some practical uses of the systems, we shall describe experimental ap
proaches to using the yeast FLPIFRT recombination system as a component in 
maize genetic transformation procedures in order to provide more control over 
the DNA integration process. The flow chart illustrates a general strategy for use 
of this system (Figure 4) and a complete description of the development of this 
technology will be described elsewhere (Peterson et al., manuscript in prepara
tion). 
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Fig. 4. A flow chart of transfonnation experiments proposed in this chapter. 

Protocols 

Experiments described in this section use site-specific recombination 
reactions catalyzed by FLP recombinase in maize cells. The proce
dures are experimental and there are possibilities for substantial im
provements as discussed in the previous and following sections. 

Suspension cultures 

The suspension cultures have been established from immature em
bryos of the A 188xBMS or A 188xB73 genotypes. Establishment of 
suspension cultures of maize from immature embryos has been de
scribed elsewhere [49]. 
1. Culture suspended cells in 250 ml Erlenmeyer flasks containing 

45 ml of MS culture medium (see solutions) on a gyratory shaker 
at 120 rpm, 26 DC, in the dark. 

2. Subculture 5-10 ml pcv (packed cell volume) into 45 ml offresh MS 
culture medium weekly. 

3. Use suspension cells at the late logarithmic growth phase for pro
toplast isolation or prepare cells for transformation experiments by 
particle bombardment as follows: 
3.1. Transfer the suspension cells onto a 700 fLm nylon mesh, 
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wash cells with N6 culture medium, and push them through 
the screen using a plunger of a 60 ml syringe. 

3.2. Collect passed-through cells, wash them with N6 culture me
dium, and vacuum dry. 

3.3. Resuspend 2.5 g of the cells in 50 ml of the N6 culture me
dium. 

3.4. Filter 5 ml aliquots of the suspension culture through 5.5 cm 
glass fiber filter discs (grade 691, VWR, West Chester, PA) and 
vacuum dry cells on the filters. 

3.5. Transfer the filters into 10 ml of the N6 solid culture medium 
solidified in Petri dishes (60 mm x 20 mm). Culture overnight 
in the dark at 26 DC. 

Transient protoplast transformation assay 

The protocol presented below is the adopted PEG-mediated transfor
mation procedure for the A188xBMS suspension cultures described 
in Lyznik and Hodges [50]. 
1. Collect 5 ml pcv (packed cell volume) of suspension cells on a 

90 JLm nylon cell strainer (Falcon), wash with PIM (protoplast incu
bation medium), and vacuum dry. 

2. Transfer cells into 20 ml of the digestion solution (PIM containing 
2 % cellulase and 0.25 % pectinase, pH 5.9) (Worthington Bio
chemical, Freehold, NJ) and incubate for 3 hrs at room temperature 
(slow shaking at 40 rpm is optional). 

3. Filter the digestion mixture through a 50 JLm nylon screen and pel
let the protoplasts at 50 g for 15 min. 

4. Resuspend the protoplast pellet in 8 ml of 9 % Ficoll solution, trans
fer 4 ml of the protoplast suspension into a new tube and overlay 
with the same volume of TM (transformation medium). Centrifuge 
both tubes for 10 min. at 75 g. 

5. Collect the band of protoplasts at the interface between Ficoll and 
TM, count viable protoplasts (dilute a sample ofthe protoplast sus
pension in TM containing 2.5 JLm/ml fluoroscein diacetate), and ad
just the concentration of protoplasts to 1 x 107 protoplasts per ml 
with TM. 

6. Mix plasmid DNA (1-5 JLg) with 0.2 ml of protoplast suspension 
and 0.2 ml of 50 % PEG in F-medium. Incubate at room tempera
ture for 20 min. 

7. Transfer the incubation mixture onto agarose blocks formed by 
2 ml of the LMP-PCM solution placed in the 12-well microculture 
plate. Incubate overnight at room temperature in the dark without 
shaking. 

8. Collect protoplasts from the agarose blocks into 1.5 ml microcen
trifuge tubes, wash the agarose blocks with an additional 0.5 ml of 
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PCM. Centrifuge protoplast suspension at 50 g for 10 min and sus
pend pellet in a marker gene extraction buffer (marker gene activ
ity assays are described elsewhere in this manual). 

The use of a FLP-mediated excisional recombination reaction is rec
ommended to test vector constructions containing the FRTsites and 
to evaluate the performance of FLP-expression vectors. Mono-mo
lecular excisions catalyzed by the recombinase are more efficient than 
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Fig. 5. Transient expression test for evaluation of the FLPIFRT system in maize protoplasts. (A) 
Vector design for testing site-specific recombination catalyzed by the FLP protein. The FRT sites 
were ligated into the Bgm site of the first exon of the maize ubiquitin promoter. FLP-mediated ex
cision eliminates the intron and the neo gene coding sequences located between two FRT sites in the 
direct repeat orientation. (B) Maize protoplasts were co-transformed with two vectors, one contain
ing the FRT sites (pUFNeoFmG) and the other one containing the FLP gene under control of the 
maize ubiquitin promoter (PUbiFLP) or the soybean Gmhsp 17.5 heat-shock gene promoter (pHs
FLP). The GUS activity observed in protoplasts co-transformed with the pair of vectors pDF
NeoFmG/pUbiFLP and incubated at 24°C indicates that the FLPIFRT system is functional in maize 
cells. An induction of GUS activity in protoplasts co-transformed with the pair of vectors pDF
NeoFmG/pHsFLP and incubated at 42 °C, but not at 24 °C, indicates that the FLP protein synthesis 
may be effectively regulated by the heat-shock treatment in maize protoplasts. Originally published 

in Lyznik et al. [36]. 

PMBM·Nll11 



bi-molecular integration reactions, thus yielding a stronger recombi
nation signal. The test plasm ids contain a marker gene inactivated by 
a DNA fragment flanked by the FRT sites positioned between a pro
moter and the coding sequence of the marker gene (Figure 5A). Co
transformation of protoplasts with the test plasmid DNA and the FLP 
expression vector should activate expression of the marker gene pro
vided that the FRT sites are functional. An example of the functional 
test of the FLP/FRT site-specific recombination system is shown in 
Figure 58. 

Similarly, FLP-mediated integration may be monitored in transient 
assays if FRT sites are positioned on two separate DNA molecules. 
The system allows testing different integration strategies as dis
cussed in the introduction section (Figure 6). 

Fig. 6. Transient expression test for evaluation of the integration strategies in maize protoplasts. (A) 
Maize protoplasts are co-transformed with two vectors containing the FRT sites and the FLP ex
pression vector. Integrative recombination catalyzed by the FLP protein should result in the activa
tion of a marker gene expression (the gusA gene). (B) In this particular experiment, about 10% of 
the control GUS activity was observed in protoplasts co-transformed with the FLP expression vector 

(Plus FLP) and the integration substrates (UFRTIFRTGUS). 

Generation of FRT-containing transgenic lines 

It is prudent also to verify that experimental recombination target can 
be recognized and recombined by the recombinase protein while in
tegrated into chromatin. Any developed stable transformation proto
col may be used to introduce the FRTsites into maize genomic DNA. 
The choice depends on the final goal ofthe experimentation, whether 
transgenic plants or just transgenic cells are required. Multiple inte
grations ofthe FRTsites may also complicate subsequent re-transfor
mation experiments. Thus the generation of single integration events 
is highly desirable (Figure 7). 
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Fig. 7. Selection of FRT-containing transgenic material for the FLP-mediated excision experiments. 
Genomic DNA samples were digested with XbaI and SacI to produce the 5.5 kb DNA fragment 
hybridizing to the gusA probe. Line number 56 was selected for further studies (taken from Hodges 

and Lyznik. 1996). 

The following additional steps are required to recover stably trans
formed protoplasts after the PEG-mediated transformation described 
above: 
1. Dilute the PEG-containing transformation mixture (step 6, the tran

sient transformation protocol) with 6 ml of F-medium over 30 min. 
Pellet protoplasts by centrifugation at 50 g for 10 min. 

2. Resuspend the protoplast pellet in 1 ml of PCM, count the number 
of viable protoplasts, and adjust the concentration to 1 x 106 pro
toplasts per 1 ml of PCM. 

3. Plate 0.2 ml of the protoplast suspension onto 0.8 JLm Millipore fil
ters (Bedford, MA) placed over the feeder cell layer (6 ml of PCM
LMP containing 0.5 ml pcv of feeder cells - small clusters of the 
same suspension culture used for protoplast isolation). Culture 
protoplasts for 1 week in the dark at 24°C. 

4. Transfer Millipore filters with protoplasts onto fresh feeder plates 
for an additional 1 week incubation. Start selection 2 weeks after 
transformation by transferring the callus onto MS 2D medium 
supplemented with a selectable agent, for instance, 100 mg/ml 
kanamycin sulfate. Continue growing calli until transgenic cells can 
be easily identified and subcultured. 
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Maize transformation by particle bombardment 

Alternatively, stable transformation of maize cells may be achieved by 
particle bombardment of suspension cells of the A 188xB73 maize 
genotype [51] as described by Tomes et al. 195 [52]. 

1. Maintain rapidly growing friable embryogenic callus on N6P solid 
media at 28 DC in the dark. Subculture to fresh medium every 
11-14 days. 

2. Harvest callus cells in liquid medium and sieve cells through a 
710 JLm screen. 

3. Suspend cells at 250 mg fresh weight per 5 ml liquid medium. 
4. Use 5 ml of suspension to distribute cells onto a 5.5 cm glass fi

ber filter disc (grade 691, VWR, West Chester, PA) via vacuum fil
tration using a 4.7 cm glass microanalysis holder. 

5. Transfer discs with cells onto solid N6-608 medium and incubate 
overnight. 

6. Following overnight incubation, remove the cell-containing filters 
from the medium and briefly vacuum dry to remove the free liq
uid. Transfer the cell-containing filters into Petri dishes containing 
an additional dry paper filter (VWR, West Chester, PA). 

7. Sonicate 1.0 JLm gold particles (Analytical Scientific Instruments) 
briefly, pipette 50 JLI gold particles (0.03 JLg/JLI) into a microcentri
fuge tube immediately after sonication. Spin the particles down 
and discard the supernatant fluid. Tungsten particles can also be 
used effectively. 

8. Re-suspend particles in 100 JLI H20. 
9. Add 10 JLI of DNA at 0.1 JLg/JLI, 100 JLI of 2.5M CaCI 2 and 20 JLI of 

0.1 M spermidine. 
10. Sonicate briefly, and centrifuge the mixture for 10 s. at 

10,000 rpm. 
11. Sterilize the microcarrier (VWR, West Chester, PA) with 95% EtOH 

and air dry. Soak the 650 psi rupture discs (VWR, West Chester, 
PA) in 100% isopropanol. 

12. Dilute the DNA-coated gold particles with 120 JLI of EtOH and pi
pette 10 JLI onto each microcarrier. 

13. Bombard cells (delivery system - BioRad, Hercules, CA) under 
partial vacuum (28 in Hg) with 650 psi bombardment pressure at 
9 cm target distance. 

14. Transfer the bombarded cells into Petri dishes containing the N6-
608 solid medium for 2-3 days incubation at 28 DC in the dark. 

15. Incubate cells for an additional 6-7 days on medium containing a 
selection agent such as the N6R medium if the bar gene were 
used as a selectable marker gene. 

16. Collect cells from the filter discs into tubes containing 5 ml of the 
melted N6W medium cooled to 50 DC and supplemented with a 
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selectable agent (for example, 1-3 mgtl bialaphos). 
17. Mix well and overlay 2.5 ml cell-agar mixture into the Petri plates 

containing the same medium. 
18. Culture cells at 28°C in the dark. Transformed colonies may be 

observed 6-8 weeks after bombardment. 
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Recombination-activated gene expression (RAGE) in maize. 

Once the FRTsites are established in the maize genome, subsequent 
introduction and expression of the FLP protein can lead to the activa
tion of gene expression and/or the elimination of unwanted foreign 
DNA sequences such as selectable marker genes. 

Fig. 8. Transient expression of the FLP gene leads to activation of expression of the gusA gene in 
maize protoplasts. Multiwell screening procedure for determining GUS activity (recombination 
events) in randomly chosen rnicrocalli grown without selection for four weeks after transformation. 
Three to four percent of viable, calli-forming cells showed GUS activity indicative of the recombi-

nation event. 

There are a number of methods including re-transformation, chemi
cal/tissue-specific activation of recombinase gene expression, or 
cross breeding, that can used to introduce site-specific recombinase 
function into cells containing the pre-integrated recombination sites. 
As a result, the activation, inactivation, or exchange of foreign gene(s) 
expression is easily accomplished. In many instances, if re-transfor
mation procedures are used, a subsequent selection for transforma
tion events, but not necessarily for recombination events, needs to be 
performed. On the other hand, if the recombination event is linked to 
the activation of a selectable marker gene, the re-transformation 
event and the recombination event may be selected at the same time. 
The example used in this section illustrates the site-specific recombi
nation of genome-integrated FRTsites. It utilizes transient expression 
of the FLP protein in re-transformed maize protoplasts for the ex
change of foreign gene expression - the neo gene is removed and the 
gusA gene is activated. Because the efficiencies of transformation and 
site-specific recombination were relatively high, selection for trans
formation or recombination activity is not necessary. Recombination 

PMBM-NlI16 



A B M P PCE 56 122 

PCE 122 kb 

2.0-
1.6-

G8 Ell E2 J.D· 

0.5 

Fig. 9. NPTII activity (A) and PCR analysis of genomic DNA (B) in GUS-positive calli derived 
from line 56 following re-transformation with the pUbiFLP vector. (A) NPTII activity was assayed 
using the dot-blot method as described elsewhere [53]. Untransformed callus (PCE) and a number 
of re-transformed, GUS-positive calli (122, G8, Ell, E2) showed no NPTII activity in protein ex
tracts. Some lines (C5, FII, H7) retained NPTII activity probably because of an incomplete excision 
reaction. (B) PCR analysis. The recombination product should generate a 1.2 kb amplification frag
ment using a set of primers indicated in Figure 5A. Lane 3 and 4 represent PCE (untransformed) 
and line 56, respectively. Lane 5 shows amplification of the expected product of the site-specific 
recombination reaction that took place in line 122. Lane I shows the product of the positive control 
plasmid DNA amplification (pUFRTmG) (from Hodges and Lyznik, 1996 (A) and Lyznik et ai., 
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Fig. 10. Southern blot analysis of genomic DNA from line 56 re-transformed with the FLP-expres
sion vector (line 122). A band of 3.2 kb hybridizing to the gusA probe is the product of a site-spe

cific recombination reaction (published in Lyznik et ai., 1996). 
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events can be recovered also through particle mediated transforma
tion of embryos or callus to achieve FLP mediated excision of a select
able marker gene and concurrent activation of other reporters such as 
the GFP gene. 
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Stable transformation and regeneration of maize plants 

The following section presents examples of the evaluation and appli
cation of site-specific recombination reactions in whole plant and 
breeding experiments. To conduct these studies, stable transforma
tion experiments can be conducted as outlined below, followed by re
generation of plants as described here and elsewhere [54]. 
1. Immature embryos of the "Hi-II" maize germplasm [51] are excised 

and placed scutelar side up onto N6P solid media. 
2. Following 3-5 days incubation at 28°C the embryos are transferred 

to the same media supplemented with an additional 90 gil sucrose 
3-4 hours before bombardment. 

3. Follow the particle bombardment procedure described above. 
4. 2-3 days after bombardment embryos are transferred to N6R solid 

media and sub-cultured every 11-14 days. Transformed colonies 
may be observed 6-8 weeks after bombardment. 

5. When ready to regenerate plants, transfer tissue to selective me
dium containing indole-3-acetic acid (1 mg/ml), zeatin (0.5 mg/ml) 
and abscisic acid (1 mM) and 60 gil sucrose 

6. Following 2 weeks culture in the dark at 26°C mature somatic em
bryos are transferred to hormone-free 1/2 strength MS based me
dia and transferred into light to allow for embryo germination and 
plantlet development. 

7. Developing plantlets are cultured in test tubes on hormone-free 
medium, and advanced to the greenhouse once sturdy shoot and 
root systems are formed. 

The functionality of the FLPIFRTsystem in plants and recovery of vi
able fertile plants carrying either functional FLP recombinase, or in
troduced gene sequences flanked by FRT sites, or both can be dem
onstrated. To validate the successful inheritance of introduced DNA 
sequences containing functional FRT sites, events created as de
scribed above using a construction such as that described in Figure 
5A can be regenerated to normal fertile plants in the greenhouse [54], 
and self- or cross-pollinated by standard methods to produce seed. 
That the FRT sites are heritable and also still capable of participating 
in FLP-mediated recombination reactions can be confirmed by cultur
ing embryos or cells from the progeny and transforming the tissues 
with a plasmid carrying a functional FLP gene (such as pUbiFLP). 
Transient expression of FLP is generally adequate to demonstrate ex
pression of GUS or other reporter genes resulting from successful re
combination ofthe sequences between FRTsites. Table 1 summarizes 
data on GUS expression following microprojectile bombardment of a 
FLP expressing plasmid into tissues from progeny of different events, 
and demonstrates that functional FRT sequences are heritable in 
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Table 1. FLP expressing plasmid was introduced by microprojectile bombardment into embryonic 
tissues from progeny of TO plants containing genome-integrated FRT sites, and samples were stained 
for GUS activity. The number of GUS+ progeny indicates the number of bombarded embryos 
showing GUS activity originating from site-specific recombination. 

Event No. Number of progeny examined Number of GUS+ progeny 

1 40 3 
2 143 32 
3 38 10 

4 54 28 
5 30 9 
6 47 31 
7 92 36 

maize. The variation in expression among the progeny events is no 
different from what is generally observed following direct transforma
tion with a functionally active GUS gene. 

A high proportion of transformation events (> 65%) normally ex
press functional FLP recombinase, as determined by transient assays 
where a vector such as that shown in Figure 5A is introduced into the 
FLP-containing events leading to expression of a reporter gene fol
lowing recombination. The functionality and heritability of FLP re
combinase in plants and their progeny is independently verified. 
Plants are regenerated in the greenhouse and observed for normal 
development as well as pollen morphology. Pollinations are made 
and embryos or cells are cultured as described above. Transienttrans
formation of the tissues with a plasmid such as that shown in Figure 
5A yields expression of GUS resulting from inheritance of functional 
FLP recombinase activity in the progeny. With normal Mendelian in
heritance, 50% of the progeny would be expected to contain the FLP 
gene. Examination of progeny from three primary events which 
showed 100% normal pollen morphology yielded 146 FLP+ events 
out of 300 progeny tested. In cases where pollen morphology was 
variable, fewer FLP-expressing progeny were generally recovered. 

Other experiments, involving various crosses between FLP and 
FRT-containing plants, can further substantiate the utility of this sys
tem or others, such as ere/lox, for conducting effective recombination 
reactions in maize and other plant species. 
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Solutions 

Protoplast transformation 
1. Protoplast incubation medium PIM: 4.3 gil MS salts, 10 mIll 

thiamine·HCI stock solution (0.05 gil), 20 mIll 2,4-0 stock solution 
(100 mg/l), 36.4 gil mannitol, 40 mIll CaCI 2 ·2H 20 stock solution 
(294 gil), pH 5.9 adjusted with 0.1 N KOH. 

2. Protoplast culture medium PCM: 4.3 gil MS salts, 10 mill 
thiamine·HCI stock solution (0.05 gil), 20 mIll 2,4-0 stock solution 
(100 mg/l), 36.4 gil mannitol, 0.25 gil glucose, 20 mIll coconut wa
ter, pH 5.9 adjusted with 0.1 N KOH. 

3. Protoplast culture medium PCM-LMP: PCM medium supple
mented with 8 gil low-melting-point agarose (Gibco BRL/Life Tech
nologies, Gaithersburg, MO). 

4. Transformation medium TM: 19.5 gil MES 2(N-morpholino)et
hanesulfonic acid, 36.4 gil mannitol, 40 mill CaCI 2 ·2H 2 0 stock so
lution (294 gil), pH 5.5 adjusted with 0.1 N KOH. 

5. Transformation solution PEG: 50 g PEG (polyethylene glycol) in 
50 ml 2x F-medium. 

6. F-medium: 8.2 gil NaCI, 372 mg/l KCI, 105 mgll Na 2 HP04 , 900 mg/l 
glucose, 65 mIl I CaCI 2 ·2H 2 0 stock solution (294 gil), pH 7.2. 

7. 9% Ficoll solution: PCM containing 9% (wlv) Ficoll (Fico II 400, 
Sigma Chemical, St. Louis, MO). 

8. Fluoroscein diacetate stock solution: 50 mg/100 ml of acetone. 
9. MS 20: 4.3 gil MS salts, 0.1 gil myo-inositol, 5 mIll MS vitamins 

stock solution (0.1 gil nicotinic acid, 0.1 gil thiamine·HCI, 0.1 gil 
pyridoxine·HCI, 0.4 gil glycine), 4 mill 2,4-0 stock solution (0.5 mgl 
ml), 20 gil sucrose, pH 5.9 adjusted with 0.1 N KOH. 
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Particle bombardment 

1. MS culture medium: 4.3 gil MS salts, 0.1 gil myo-inositol, 5 mill MS 
vitamins stock solution (0.1 gil nicotinic acid, 0.02 gil thiamine·HCI, 
0.1 gil pyridoxine·HCI, 0.4 gil glycine), 4 mill 2,4-0 stock solution 
(0.5 mg/ml), 30 gil sucrose, pH 5.6 adjusted with KOH. 

2. N6 culture medium: 4 gil Chu (N6) basal salts (Sigma C-1416, 
Sigma Chemical, St. Louis, MO), 1 mill Eriksson's vitamin mix 
(Sigma-1511, Sigma Chemical, St. Louis, MO), 1.25 mill thiamine
HCI stock solution(O.4 mg/l), 20 gil sucrose, 2 mill 2,4-0 stock solu
tion (0.5 mg/ml), pH 5.8 adjusted with KOH. 

3. N6 solid medium: same as the N6 culture medium but supple
mented with 2 gil Phytagel (Sigma Chemical, St. Louis, MO) 

4. N6Psolid medium: 4 gil Chu (N6) basal salts (Sigma C-1416, Sigma 
Chemical, St. Louis, MO), 1 mill Eriksson's vitamin mix (Sigma-
1511, Sigma Chemical, St. Louis, MO), 1.25 mill thiamine·HCI stock 
solution (0.4 mg/l), 30 gil sucrose, 2 mgll 2,4-0, 690 mg proline, 
850 mg AgN0 3 , 3 gil Phytagel (Sigma Chemical, St. Louis, MO), 
pH 5.8 adjusted with KOH 

5. N6-608 solid medium: 4 gil Chu (N6) basal salts (Sigma C-1416, 
Sigma Chemical, St. Louis, MO), 1 mill Eriksson's vitamin mix 
(Sigma-1511, Sigma Chemical, St. Louis, MO), 1.25 mill thia
mine·HCI stock solution(O.4 mg/l), 30 gil sucrose, 690 mg proline, 
850 mg AgN0 3 , 3 gil Phytagel (Sigma Chemical, St. Louis, MO), 
pH 5.8 adjusted with KOH. 

6. N6R solid medium: 4 gil Chu (N6) basal salts (Sigma C-1416, Sigma 
Chemical, St. Louis, MO), 1 mill Eriksson's vitamin mix (Sigma-
1511, Sigma Chemical, St. Louis, MO), 1.25 mill thiamine·HCI stock 
solution(O.4 mg/l), 30 gil sucrose, 2 mgll 2,4-0, 850 mg AgN03, 
3 gil Phytagel (Sigma Chemical, St. Louis, MO), pH 5.8 adjusted 
with KOH. 

7. N6W solid medium: modified N6R solid medium containing 6 gil 
SeaPlague agarose (FMC BioProducts, Rockland, ME) instead of 
3 gil Phytagel (Sigma Chemical, St. Louis, MO). 
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Introduction 

Monomeric actin (G-actin) is a small (42,000 Da) globular protein that polymer
izes into higher order structures called microfilaments or filamentous actin (F
actin) (for a detailed review see [36]). These cytoskeletal polymers form a dy
namic filament network in plant cells and support many fundamental processes, 
including cytoplasmic streaming, organelle positioning, cytokinesis, wound re
pair, responses to pathogen-attack, and cellular morphogenesis (for reviews see 
[23, 25, 26, 38]). Angiosperms contain large multigene families for actin and 
actin binding proteins (ABPs), and the biochemical and cell biological charac
terization of these components have received considerable attention in the past 
several years. A wealth of data is available for the motor molecule myosin and 
the small ABPs, profilin, and actin depolymerizing factor (reviewed in [3, 23, 
26, 37]). 

Because large amounts of vertebrate actins are easily purified, it is a common 
practice to analyze actin-plant ABP interactions through reconstitution experi
ments that use heterologous components. For example, plant profilins have been 
shown to bind to rabbit skeletal muscle and to bovine cardiac actin isoforms 
[11, 30, 34]. Similarly, maize and Arabidopsis actin depolymerizing factors 
modulate the polymerization properties of rabbit skeletal muscle actin [4, 14, 
15, 21]. However, it is known from numerous studies in non-plant systems that 
many ABPs interact with homologous and non-homologous sources of actin in a 
dramatically different fashion (reviewed in [12, 33]). For example, yeast profilin 
can sequester yeast G-actin, thereby preventing its polymerization, but it does 
not inhibit the polymerization of rabbit muscle actin [28]. Given the apparent 
diversity of plant ABPs, it will be important to characterize their biochemical 
properties with a physiologically-relevant actin. Reports of the isolation and 
characterization of functional plant actin are quite limited (reviewed in [24, 26]). 
To provide a reagent for biochemical studies, we recently developed a strategy 
for the rapid isolation of large quantities of polymerization-competent actin from 
maize pollen [31]. 

Among plant tissues, pollen presents one of the richest sources of starting 
material for the isolation of cytoskeletal proteins. Estimates for actin in pollen 
range from 2-20% of total soluble protein [1, 20, 31, 42]. Maize pollen has 
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served as the starting material for several previous actin purification schemes [1, 
20]. To isolate actin from plant materials, two general approaches have been 
used: DNase I-affinity chromatography [1, 2, 17, 18, 22, 39, 43]; and conven
tional chromatography on anion exchange and/or size exclusion columns [8, 20, 
27,40,41]' DNase I forms a high affinity 1:1 complex with G-actin and, when 
covalently linked to a chromatography support, provides a convenient method 
for the isolation of actin from a variety of eukaryotic tissues [45]. The main ad
vantage of this procedure is that formation of the strong (Kd = 10-9 M) DNase 
I-actin complex allows a rapid, single-step isolation of actin from crude extracts. 
This convenience comes with a significant drawback, however. In order to elute 
actin from DNase I, both proteins must be partially denatured with chaotropes 
such as formamide or urea. Where polymerization of plant actin purified by the 
DNase method has been reported, phalloidin or poly-L-Iysine are required to 
drive polymerization or to stabilize the F-actin [1, 2, 39]. This is perhaps an 
indication that plant actin is extremely sensitive to mild denaturing conditions. 

Liu and Yen [20] developed a procedure for the isolation of actin from maize 
pollen that provides up to 2 mg of actin from 10 g of pollen at an apparent pu
rity of 92% [20]. Their protocol involves the preparation of a pollen acetone 
powder, low ionic strength extraction, ammonium sulfate precipitation, anion 
exchange chromatography, polymerization and depolymerization, and size ex
clusion chromatography. These multiple steps require at least a week to perform, 
and our experience demonstrates that polymerizability of the actin varies con
siderably between different batches. One potential source of variation seems to 
arise during the elution of actin from DEAE-cellulose with a salt gradient; ac
tin-enriched fractions often contain considerable amounts of the G-actin bind
ing protein profilin. 

Our new method represents a substantial departure from earlier methods for 
plant actin isolation. The procedure uses another actin monomer-binding pro
tein, profilin, for the indirect isolation of native actin through immobilization of 
the profilin-actin complex on a poly-L-proline (PLP)-Sepharose column. A simi
lar strategy was used by Grolig and coworkers to reconstitute the profilin-actin 
complex in vitro and to isolate small amounts of actin from the green alga Chara 
corallina [34]. Our procedure includes preparation of a soluble protein extract 
from frozen maize pollen that is supplemented with recombinant profilin, isola
tion of the profilin-actin complex by affinity chromatography on PLP
Sepharose, high ionic strength elution of the actin, and a cycle of assembly and 
disassembly. The methods outlined below are a refinement of the original pro
cedures described by Ren et al. [31]. 

The successful isolation of maize pollen actin depends on two key factors; (1) 
addition of large amounts of recombinant profilin to pollen extracts, and (2) the 
choice of human platelet profilin. The first step likely assists the depolymeriza
tion of endogenous F-actin in the pollen extracts and thereby enhances the ulti
mate yield of G-actin. The decision to use vertebrate profilin is motivated by the 
finding that human profilin binds with higher affinity to pollen actin than do 
several recombinant maize pollen profilins [9] and because it is the most potent 
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disrupter of actin-dependent cytoplasmic architecture following introduction 
into living plant cells [9, 31]. Additional factors that are integral to the success 
of this method include the use of affinity chromatography and the choice of an 
extraction buffer. As described for DNase I-affinity chromatography, the rapid 
separation of actin from the crude cytoplasmic extract may help to minimize 
proteolysis. For extraction of pollen, we use a buffer that was developed for the 
isolation of a high affinity profilin-actin complex from vertebrate cells [16]. The 
basis for the efficacy of this buffer is not fully understood; however, the inclu
sion of phosphatase inhibitors (NaPPi and NaF) is suggested to function in 
maintaining the phosphorylation of one of the components of the profilin-actin 
complex or a minor accessory factor necessary for the stabilization of the inter
action [16]. Alternatively, as suggested by Andersland et al. [1] based on studies 
of DNase I-actin isolation, it may be necessary to inhibit endogenous ATPase 
activity in plant extracts to maintain high levels of ATP required for actin-ABP 
interactions. 

The recovery of functional actin by this rapid and convenient procedure is 
substantial; our current average yield is - 4 mg of actin from 10 g of pollen. 
This new procedure provides a source of high-quality, native plant actin that is 
readily polymerizable, > 98% pure, and abundant. The average yield is at least 
two-fold higher than the previous method for isolating actin from maize pollen 
[20] and requires less than half the time to perform. This source of pollen actin 
has been used in biochemical studies to characterize the assembly properties of 
plant actin [9, 31], to examine the interactions with plant and non-plant ABPs 
[5, 9, 10, 31], and to titrate the effects of excess profilin in living plant cells 
[31]. 
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Procedures 

Purification of recombinant human platelet profilin 

Recombinant vertebrate profilin is used as a supplement to pollen cy
tosolic extracts for the isolation of native actin. The original cDNA for 
human platelet profilin (profilin I) was isolated by Kwiatkowski and 
Bruns [19]. The construction for expression in Escherichia coli, using 
the T7 promoter vector pMW172, was prepared by Fedorov et al. [7]. 
Recombinant profilin is purified from a soluble extract of bacterial 
cells by affinity chromatography using PLP-Sepharose, eluted with 
urea, dialyzed to allow renaturation, and stored at -80°C. 

Steps in the procedure 
1. The affinity resin is prepared from poly-L-proline (M r 12,000; 

Sigma, St. Louis) and CNBr-activated Sepharose 4B (Pharmacia 
Biotech, Piscataway, NJ) according to the coupling procedures of 
Janmey [13]. Typically, 100 ml of resin is prepared and this can be 
stored for up to a year at 4°C. 

2. A column (2.5 cm x 10 cm) is packed with -7-9 ml of PLP
Sepharose and equilibrated with buffer I. 

3. A flask containing 200 ml of LB medium + 100 p,g/ml ampicillin is 
inoculated from a single colony or glycerol stock of E. coli strain 
BL21 (DE3) containing the plasmid pMW172 with human profilin I 
cDNA insert. The culture is allowed to grow to saturation over
night at 37°C with constant shaking. 

4. The overnight culture is used to inoculate 2 liters of LB/AMP me
dium (50 ml into four flasks, each containing 500 ml of medium), 
and incubated for 2 h at 37°C. Protein overexpression is induced 
by the addition of IPTG to a final concentration of 0.4 mM, and the 
cultures incubated for a further 4 h at 37°C. 

5. Bacterial cells are collected by centrifugation at 5500 X g (6000 
rpm in Beckman J2-HS with JA-14 rotor) for 10 min at 4°C. After 
decanting the supernatant solution; cell pellets are resuspended 
in ice-cold PBS and then centrifuged at 12,100 X g (10000 rpm in 
Beckman JA-20 rotor) for 10 min at 4°C. The supernatants are 
again decanted, the cell pellets frozen in liquid nitrogen, and 
stored at -80°C or used immediately. 

6. Bacterial pellets are resuspended in buffer I plus 1 mM PMSF with 
a volume of 100 ml per liter of original cell culture. Cells are dis
rupted by sonication (Sonic Dismembranator, Model 300, Fisher 
Scientific) using three, 1 min bursts. The sonicate is placed on ice 
for at least 1 min between bursts to prevent overheating. 

7. The sonicated bacterial extract is clarified by two successive cen
trifugations at 37,000 X g, 30 min, 4°C (17,500 rpm in Beckman 
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JA-20 rotor), and the supernatant solution transferred to a fresh 
container. 

S. Clarified bacterial extract is passed over PLP-Sepharose at a flow 
rate of - 1 ml/min. Profilin is depleted from the flow-through frac
tion which can be discarded. 

9. The PLP-Sepharose with bound profilin is washed by washing the 
column with 3-5 volumes ( - 30 ml) of buffer I. 

10. Additional contaminants are removed by washing the column 
with 30 ml of buffer I containing 2 M urea. 

11. Recombinant human profilin I is eluted by washing the column 
with buffer I containing 7 M urea. The eluate is collected in 1 ml 
fractions. A total of 50 ml of the 7 M urea solution is passed over 
the column before re-equilibrating with buffer I. 

12. Fractions that contain protein are detected by placing 10 ILl 
samples into a 96-well microtiter plate and adding 200 ILl of di
luted (1:4 with dH 2 0) Bradford dye reagent (Bio-Rad, Hercules, 
CA) into each well. 

13. Protein-containing fractions are pooled into 6000-S,000 Da mo
lecular weight cutoff membrane tubing (Spectrum Spectra/Por® 
1, Fisher Scientific) and are dialyzed against 3 changes, 1 I each, 
of buffer lover a 24 h period. 

14. Renatured profilin is partitioned into 100 ILl aliquots, frozen in liq
uid nitrogen, and stored at -so °C. 

Notes 
1. The cDNA clone for expressing human profilin I can be obtained from Dr. Steven 

Almo, Albert Einstein University, College of Medicine, 1300 Morris Park Avenue, The 
Bronx, NY 10461 U.S.A. (almo@zugbug.bioc.aecom.yu.edu). 

2. For routine use, the PLP-Sepharose is regenerated by extensive washes with buffer 
I, and stored under buffer I plus 0.1% [w/v] NaN 3 . If flow rates over the matrix be
come noticeably slower, the beads can be washed according to a method described 
by Rozycki et al. [32]. The PLP-Sepharose is removed from the column and washed 
three times, 50 ml each, in a 2% [v/v] FL-70™ detergent (Fisher Scientific) solution 
prepared in dH 20. The resin is collected after each wash by centrifugation at 200 X g 
(1000 rpm in Beckman GS-6R with GH 3.8 rotor) for 5 min. Beads are rinsed 3-5 
times, each with 50 ml of buffer I, before repacking the column. 

Solutions 

All solutions are stored at 4°C. DTT and PMSF are added just prior to 
use. 

- LB medium, or Luria-Bertani Medium, is according to Sambrook et 
al. [35]: 
- 10 giL bacto-tryptone 
- 5 giL yeast extract 
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-10 giL NaCI 
- pH to 7.0 with NaOH 

- Phenyl methyl sulfoxide (PMSF) solution: 
- 100 mM in isopropanol 

- DTT solution: 
- 1 M dithiothreitol 

dissolve in dH 20 and store at -20°C 

- Buffer I: 
- 20 mM Tris 
-150 mM KCI 
-0.2 mM DTT 
- pH 7.5 
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Isolation of actin from maize pol/en (modified from [31]) 

Preparation of cytosolic extract from frozen pol/en 

Steps in the procedure 
1. Maize pollen is harvested from field-grown plants according to 

methods described by Neuffer [29]. Anthers and debris are re
moved by filtration through a single layer of cheesecloth. Pollen 
is frozen in the field by placing a 5-10 g aliquot into a plastic scin
tillation vial top centrifuge tube and then onto dry ice. Pollen is 
stored at -800 C in a container with dessicant. 

2. To prepare the cytosolic extract, cool a mortar and pestle on ice 
and prepare 50 ml each of buffer A and buffer B from stock solu
tions stored at 4 °C. 

3. Place 5-10 g of frozen pollen into the mortar along with 1 g quartz 
sand, and grind in 20 ml buffer A for 5 min. 

4. Add 20 mg of recombinant human profilin per 5 g of pollen and 
continue grinding for an additional 25 min. The slurry will begin 
to thicken and become more pale towards the end of this time. 

5. Pour into 2 centrifuge tubes and add the remaining 30 ml of buffer 
A. The buffer can be used to wash pollen from the sides of the 
mortar and pestle. 

6. Sonicate each tube 5 times for 20 s each repetition, alternating 
tubes and keeping on ice to prevent overheating. 

7. Balance the tubes and centrifuge for 30 min at 27,000 X g 
(15,000 rpm in Beckman JA-20 rotor) 

8. Transfer as much supernatant solution as possible to new tubes 
with a pipette. Most of the white lipid will stick to the sides of the 
tube. Centrifuge the supernatant solution for 30 min at 46,000 X g 
(19,500 rpm in Beckman JA-20 rotor). 

9. Transfer the supernatant solution from both tubes to a small plas
tic beaker with a pipette, being careful not to take up loose mate
rial coming off the pellet. 

10. Check the pH and adjust to 7.50-7.55 with 1 M KOH if necessary. 
Add an additional 0.4 mM ATP (200 p,1 of 0.1 M stock). 

11. Pour extract into a single ultracentrifuge tube and balance with 
another tube containing water. Centrifuge for 1 h at 120,000 X g 
(32,000 rpm in Beckman 45-Ti rotor). 

Notes 
1. Human profilin should be added to extracts from a concentrated stock solution (e.g. 

7-10 mg/ml). If necessary, profilin can be concentrated on a Centricon-10 microcon
centrator (Amicon, Inc. Beverly, MA). 

2. A change from the original procedure of Ren et 81. [31] is the addition of recombi
nant profilin to the grindate rather than to the 27,000 X g supernatant solution. Also, 
note that the ATP concentrations used here are higher. 

3. Use a minimal amount of sand for grinding (i.e., no more than 2 g for 10 g of pollen). 
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Po/y-L-proline affinity chromatography 

Steps in the procedure 
1. Equilibrate a PLP-Sepharose column (~ 7-9 ml of resin in a 2.5 x 

10 cm column) with buffer B 
2. Transfer the clarified supernatant solution to the column, being 

careful to avoid the whitish lipid layer and loose material from the 
pellet (usually ~ 5 ml cannot be used). 

3. Pass the supernatant solution over the column at a flow rate of 
~ 0.6 ml/min; this is best accomplished using a peristaltic pump. 

4. When most of the extract has passed over the column, carefully 
layer 40 ml of buffer B over the extract. The extract is dense enough 
that a sharp interface will form. 

5. After most of the buffer B has passed over the column, begin col
lecting fractions of 1.5-2 ml each. 

6. As soon as the meniscus of the wash buffer just touches the col
umn matrix, carefully add ~ 2 ml bufferG + 1 M KCI.Allowthisto 
run down to the meniscus again, and add another ~ 2 ml buffer G 
+ 1 M KCI. When this reaches the matrix, place 50 ml of the same 
solution over the column and continue collecting fractions. 

7. The protein peak can be detected by placing 10 ILl samples into a 
96-well microtiter plate and adding 200 ILl of diluted Bradford re
agent into each well. Continue to collect fractions until the protein 
concentration falls to less than 0.2 mg/ml; this is judged by eye in 
comparison to a well containing 2 ILl of 1 mg/ml BSA protein stan
dard. 

8. Pool the protein-containing fractions (usually 15-45 ml total vol
ume) and dialyze overnight against 1 liter of buffer G. 

9. Remaining actin and the recombinant profilin are eluted from the 
column by washing with 50 ml of buffer G containing 7 M urea. The 
column is regenerated with buffer B or buffer I. 

Notes 
1. Best yields are recovered when using a column with a high surface area/volume ra

tio. Our current column is 2.5 cm diameter with a 7-9 ml PLP-Sepharose bed vol
ume. 

2. Use of a slow flow rate is important; faster rates dilute the actin too much and the 
loading of profilin-actin on the column seems to be affected as well. 

3. The wash must be pH 7.5 or higher, otherwise actin elutes from the column. 
4. Recombinant vertebrate profilin eluting from the column atthe end ofthe procedure 

is not re-used, as it is contaminated with native pollen profilin. 
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Actin polymerization and depolymerization 

Steps in the procedure 
1. Pipette the solution from the dialysis bag(s) into an ultracentrifuge 

tube that has been tared on a balance to measure the volume of 
actin solution. 

2. Polymerize the actin by adding KCI to 100 mM from a 3 M stock, 
MgCI 2 to 5 mM from a 1 M stock solution, and Tris pH 7.5to 10 mM 
from a 1 M stock solution. Incubate overnight at 4°C. 

3. Collect F-actin by centrifuging for 3 h at 120,000 X g (32,000 rpm in 
Beckman L3-50 with 45-Ti rotor). 

4. Decant the supernatant fluid and a translucent pellet should be 
present. The pellet is sometimes ringed by cloudy material or 
slightly yellowish material. 

5. Cover the pellet with - 0.5 ml of buffer G and allow it to loosen on 
ice for 1 h. 

6. Use a plastic pipette to gently resuspend the pellet into the buffer. 
Transfer the solution to dialysis tubing. Wash the sides of the cen
trifuge tube with an additional 0.5-1 ml buffer G, and add this to the 
dialysis tube. 

7. Dialyze the actin for 4-5 d against daily changes of 1 I of buffer G. 
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Yield determination and storage 

Steps in the procedure 
1. Remove precipitates from the G-actin by centrifuging the dialyzed 

actin solution for 1 hat 120,000 X g (35,000 rpm in Beckman 70.1-Ti 
rotor). 

2. Carefully remove the supernatant solution to a clean tube. The pel
let, which can be discarded, will be composed of the whitish and 
yellowish material. 

3. Actin can be stored on ice for not more than 16 h before use in ex
periments. For storage up to a week, place the clarified solution 
into dialysis tubing and exchange the dialysis solution daily with 
fresh buffer G. 

4. Protein yields are determined by the Bradford method (BioRad pro
tein assay dye) using BSA as a standard. 

5. Purity is determined by separating - 10 ILg of protein on a 10% 
SDS-PAGE gel and Coomassie Brilliant Blue staining. Pollen actin 
migrates at a Mr of 42,000. 

Notes 
1. The current average yield using this procedure is 3.9 mg from 10 g of pollen (n = 

14). This value is somewhat lower than the average of 6.0 mg (n = 10) reported pre
viously [31]. 

2. Yields of less than 2 mg are considered to be unsatisfactory. In this event, it is useful 
to check the pH of all buffers, to remake buffer A and buffer B, and to prepare fresh 
ATP solution. 

3. The presence of lower molecular weight proteins (especially a 37,000 M, polypep
tide) in the final product most likely represents protease activity. PI cocktail and 
PMSF should be added immediately prior to use of solutions. 
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Solutions 

All solutions are stored at 4°C. OTT, PI cocktail, PM SF and ATP are 
added just prior to use. 

- ATP solution: 
- 0.1 M adenosine-5'-trisphosphate, disodium salt 

dissolve in dH 20, pH to 7.0 with 1 N NaOH, and store at -20°C 

- Protease inhibitor (PI) cocktail: 
- 1.6 mg/ml Benzamidine HCI 
- 1 mg/ml Aprotinin 
- 1 mg/ml Leupeptin 
- 1 mg/ml Pepstatin A 
- 0.12 mg/ml Phenanthroline 

dissolve in ethanol and store at -20°C 
some material will remain insoluble, solution should be mixed 
before use 

- Buffer A (modified from [16]): 
-10 mM Tris 
- 50 mM NaF 
- 30 mM Na 4 PPi 
- 0.5 mM CaCI 2 , 

- 0.01% [w/v] NaN 3 

-0.8 mM ATP 
-0.5 mM OTT 
- 1/200 dilution of PI cocktail 
- 1/200 dilution of PMSF 
- pH 8.5 

- Buffer B: 
- same as Buffer A except: CaCI 2 , is 0.2 mM; ATP is 0.4 mM; pH is 

7.5; and PMSF or PI cocktail are not added 

- Buffer G: 
- 5 mM Tris, pH 8.0 
- 0.2 mM CaCI 2 

- 0.01% [w/v] NaN 3 

-0.5 mM OTT 
-0.2 mM ATP 
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Determining a critical concentration (CJ for actin assembly 

Actin polymerization and steady state polymer levels can be mea
sured by 90° light scattering as described by Cooper and Pollard [6J. 
The light scattering method is extremely useful for determining poly
mer concentration because the amount of scattered light is propor
tional to the total polymer mass [44]. Moreover, the assay is not sen
sitive to filament length when the average polymer is longer than the 
wavelength of light used for the analysis [44J. The amount of poly
meric actin found in an assembly reaction at steady-state equilbrium 
depends upon the initial actin concentration. A key measure of actin 
quality is the critical concentration (Cc) for polymerization, or the ac
tin concentration below which no polymer formation occurs. For the 
vertebrate skeletal muscle a-actin isoform this value is 0.1 M-M [36J. 

Steps in the procedure 
1. G-actin should be clarified prior to use by centrifugation at 

120,000 X g (35,000 rpm in Beckman 70.1 Ti rotor) for 1 hat 4°C. 
2. Prepare 1.8 ml samples of G-actin at final concentrations of 1.0,1.5, 

2.0,2.5 and 3.0 M-M in LSF buffer, keeping the total volume of addi
tional Buffer G constant. 

3. Set up a spectrofluorimeter (SLM 8000, SLM Instruments Inc., Ur
bana, IL) for detection of light scattered at 90° with an excitation 
wavelength of 450 nm and detecting scattered light with the emis
sion monochromator set to 450 nm. 

4. Place each sample into the chamber and record an initial value for 
the light scattered by the G-actin solution and cuvette. 

5. To initiate the polymerization of each sample, add KCI to 100 mM 
from a 3 M stock solution, and MgCI 2 to 5 mM from a 1 M stock so
lution. Allow the actin to polymerize overnight at room tempera
ture. 

6. Set the spectrofluorimeter with parameters identical to those used 
to measure initial light scattering and read the scattering from each 
sample. 

7. Plot the difference of initial and final light scattering values vs. the 
actin concentration in each sample. The Cc for actin assembly is the 
intercept of the regression line on the ordinate (see Figure 1). 

PMBM·01/12 



8 

'""" 
~ 6 <C 
'-' 
OIl 
.8 

4 I-< 
q) ...... 
~ 
u 
U"l 
...... 2 ..c: 
~ 

0 
0 N r<"l 

[actin] (JlM) 

Fig. 1. Determination of critical concentration Cc for actin polymerization. 
Data from an experiment to determine C c were plotted as the original concentration of actin in each 
sample (x-axis)versus the change in light scattering following overnight polymerization (y-axis). The 
intercept of the regression line on the ordinate is the C c' For this representative experiment, the C c 

was calculated to be 0.46 fLM. AU = arbitrary light scattering units. 

Notes 
1. Centrifuge all solutions before adding to cuvettes to prevent excess scattering; this 

is especially critical for protein-containing solutions. 
2. It is important not to allow G-actin to remain in LSF buffer for longer than 1 h prior 

to addition of polymerizing salts as the low concentration of divalent cation is detri
mental to activity. 

3. Typical values for Cc for our batches of pollen actin range from 0.27-0.79 fLM, with 
an average value of 0.48 ::': 0.13 fLM (::': SD, n = 13). If values above 0.6 fLM are ob
served, the actin should be checked for contaminants by SDS-PAGE. Further, if ma
terial with a high Cc is to be used for quantitative measurement of interactions with 
actin binding proteins it should be recycled by polymerization/depolymerization 
prior to use. 

Solutions 
- Light scattering F-buffer (LSF buffer): 

- 5 mM Hepes, pH 7.0 
- 0.5 mM DTT 
- 0.2 mM ATP 
- 0.01% [w/v] NaN 3 
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Introduction 

The circular plasmid pSRI from Zygosaccharomyces rouxii includes a pair of 
inverted repeat sequences of 959 bp that contain recombination sites (RS; 58 bp 
at most) for intramolecular recombination [1]. Experiments performed in vitro 
with this recombination system indicated that the system requires only the R 
protein, the recombinase, that is encoded by the R gene of pSRI [2]. The pSRI 
recombination system (R-RS system) is similar, in terms of its recombination 
mechanism, to the Cre-IoxP system derived from bacteriophage PI [40] and the 
FLP-FRT system of the 2-lLm plasmid of Saccharomyces cerevisiae [7] Use of 
these site-specific recombination systems in heterologous organisms seems to 
offer several advantages: recombination takes place only between specific se
quences, which are usually several dozen base pairs (bp) in length (high speci
ficity); recombination is catalyzed by a single recombinase protein, and no other 
protein is required (simple mechanism); and the recombination frequency is re
markably high. 

The excision, inversion, and translocation of a large segment of chromosomal 
DNA was first demonstrated in S. cerevisiae cells by use of the R-RS system 
from Z. rouxii [24,27]' When RS elements were inserted into both the RASI and 
HIS3 loci on chromosome XV of S. cerevisiae, respectively, which are separated 
by approximately 180 kb, the R protein efficiently catalyzed the excision or in
version of the chromosomal region between these loci, depending on the rela
tive orientations of the RS elements. It also catalyzed chromosome translocation 
when two RS elements were present on two nonhomologous chromosomes [28]. 
These results suggest that the R-RS system is useful for generating chromosomal 
rearrangements in heterologous eukaryotes. 

To test the feasibility of developing a DNA recombination technology with 
this system, we first examined whether this system was operable in tobacco sus
pension-cultured cells. Our results demonstrated that R-gene-mediated excision 
and inversion were efficiently induced [34]. We also introduced R-RS system 
into Arabidopsis thaliana and showed that R-gene-mediated recombination can 
be induced in both somatic and germ cells of this species [35]. This chapter de
tails two methods. One permits visualization of R-RS recombination in tobacco 
cultured cells and Arabidopsis plants, and the other facilitates introduction of 
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two RS elements on the same chromosome by using a derivative of the Ac ele
ment that contains RS sites, followed by induction of a deletion between the two 
RS elements. 

Visualization of R-RS Recombination in Plants 

A system for visualization of R-RS recombination events 

Recombinational events induced by the recombinase (R) gene in plants can be 
monitored by two types of cryptic reporter genes (Figure 1) that can serve as 

A IGUS construct B CAT/GUS construct 

RS RS RS P35S-CAT RS 

~ au£) H- ~~ ~ ~~ GUS > 
Inversion ~t - the R gene Excision ~ t - the Rgene 

RS RS RS 
RS 

~ GUS >+ ~ GUS >- 0 
Fig. 1. Strategy for detection of site-specific recombination mediated by the R gene in tobacco cells 
and Arabidopsis plants. (A) Schematic diagram of the IGUS construction in pGI used for detection 
of inversion. pRGR has the same structural organization as pGI except for the orientation of GUS. 
(B) Schematic diagram of the CAT/GUS construction in pCATG used for detection of excision. The 
heavy line represents the CAT gene expression unit [13]. P35S, the promoter for 35S RNA from 
cauliflower mosaic virus 35S RNA; GUS, the coding sequence of J3-glucuronidase; RS, recombina
tion site recognized by R protein. The large open arrow represents the orientation of the GUS cod-

ing sequence. Arrowheads indicate the orientations of RS elements. 

substrates for the R protein [35]. The IGUS construction, that is used for detect
ing inversions, contains the coding sequence for the GUS gene flanked by two 
copies of the recombination site (RS) in the inverted orientation (Figure lA). 
This GUS construction with two RS elements is inserted, in the anti-sense ori
entation, downstream from the cauliflower mosaic virus 35S promoter (P35S). 
The GUS coding sequence is transcribed when an inversion between two RS 
elements is induced by the product of the R gene. CAT/GUS is used for moni
toring R gene-mediated deletion (Figure lB). This construction contains the 
chloramphenicol acetyltransferase (CAT) transcription unit between P35S and 
the GUS coding sequence. Because the CAT gene unit is bounded by two RS 
sequences in direct orientation, precise R gene-mediated recombination can re-
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suIt in the excision of the CAT cassette to generate an active GUS gene (Figure 
IB). Upon excision, the CAT cassette is thought to be circularized [28]. Although 
the R protein can catalyze the backward (integration) reaction, the relative rate 
of this reaction is expected to be much lower than that of the excision reaction. 
To drive expression of the R gene, use of a modified 35S promoter, in which the 
enhancer region of P35S is duplicated, is recommended. 

Using this system, recombination can easely be detected and visualized by 
staining activity for GUS in tobacco cultured cells. It is also possible that re
combination can be detected as varied staining patterns of GUS-activity in plant 
tissues. 

Plasmids 

Plasmids used and their relevant characteristics are listed in Table 1. 

Table 1. Plasmids used in this study. 

Plasmid Relevant characteristics Reference 

pGAHGI Derivative of pGAH (binary vector plasmid) containing the [35] 
IGUS construction 

pBIHCATG Derivative of pBII21 (binary vector plasmid) containing the [35] 
CAT/GUS construction 

pGAHR Derivative of pGAH containing the R gene under control of a [35] 
modified 35S promoter 

pGAH,iR Derivative of pGAH containing a mutant R gene, with the C- [35] 
terminal deletion. under control of a modified 35S promoter 

pIGI2IHM Derivative of pBII21 containing a GUS gene with an intron in [38] 
the 5' proximal region of the GUS sequence 

pGA492 Binary vector plasmid containing the neomycin phosphotrans- [3] 
ferase II gene and a multiple cloning site 

pGAH Derivative of pGA492 containing a multiple cloning site be- [35] 
tween the neomycin phosphotransferase II gene and the hygro-
mycin phosphotransferase gene 

Plant cells and transgenic plants 

Tobacco cell lines used are listed below. 
1. Suspension cultures of the cell line BY-2 of tobacco (Nicotiana tabacum L. 

cv. Bright Yellow 2) [23]. 
2. The transformed cell line BY-2(IGUS). 
3. The transformed cell lines BY-2(CAT/GUS). 
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Procedures 

Recombination between two RS elements in tobacco chromosomes 

Induction of recombination between two RS elements in tobacco 
chromosomes 
1. Culture transformed BY-2 cells [BY-2(1GUS) and BY-2(CAT/GUS)] 

for 3 days in fresh Linsmaier and Skoog (LS) liquid medium [25] 
with 0.2 mg/I 2,4-D and 50 mg/I hygromycin Bat 26°C. 

2. Culture Agrobacterium cells carrying pGAHR or pGAH~R (see 
Table 1) until the absorbance at 600 nm is 1.5 and concentrate the 
culture four-fold in LB medium. 

3. Mix 100 ILl of this Agrobacterium culture with 4 ml of a suspension 
culture ofthe transformed BY-2 cells from 2.4.1.1. 

4. Incubate the mixture at 26°C in darkness for 48 hr, 72 hr, or 96 hr. 

Assays for GUS activity 

Fluorometric assay 
1. Collect tobacco cells after co-culturing. 
2. Disrupt the cells by sonication (three 30-sec pulses). 
3. Remove cell debris by centrifugation. 
4. Recover the supernatant fluids for determination of protein con

centration and GUS activity using a fluorometric assay [21]. 

Histochemical assay 
To measure the proportion of tobacco cells in which DNA excision, 
mediated by the R protein, takes place under these conditions, to
bacco cells that express GUS can be detected as follows. 
1. Co-culture tobacco transformed cells BY2(CAT/GUS) with Agro

bacterium cells that harbor pGAH~R, pGAHR or plG121HM for 4 
days as described in 2.4.1. 

2. Collect the tobacco cells by centrifugation at 1000 rpm for 5 min. 
3. To prepare protoplasts, suspend the co-cultured cells in protoplast 

isolation solution that contains LS liquid medium [25] with 0.5 M 
mannitol, 1% Cellulase Onozuka RS (Yakult Pharmaceutical Indus
try Co., Ltd., Nishinomiya, Japan), and 0.2% Pectolyase Y23 
(Seishin Pharmaceutical Industry Co., Ltd., Tokyo, Japan) and ad
just pH to 5.8 with KOH. 

4. Incubate at 26°C with gentle shaking for 4 hr. 
5. Filter the suspension through a nylon mesh to remove undigested 

calli. 
6. Incubate protoplasts overnight at 37°C in a solution of 1 mg/ml 

5-bromo-4-chloro-3-indolyl-f3-D-glucuronide (X-gluc), 50 mM so
dium phosphate (pH 7.0), and 0.35 M mannitol. 
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Results of introduction of the R-RS system in tobacco cultured cells 

Table 2. GUS activity of BY-2 cells transfonned with the cryptic reporter constructions after co
culture with Agrobacteri1ll1l cells that carried the R gene. 

Cryptic GUS in Binary vector GUS activity (pmoles/minlmg protein) 
transfonned line after co-culturing for 

4S h 72h 96 h 

CAT/GUS pGAHdR 14.2±2.3 9.1±0.7 11.5± 1.4 
(cell line I)a pGAHR SI.5±17.6 163±2.7 252±4.4 

CAT/GUS pGAHdR 23.3±0.7 23.9±0.S 19.3±0.7 
(cell line 2)3 pGAHR 36.4±4.0 94.4±2.3 124±5 

IGUS pGAHdR 16.2±2.6 15.0± l.l 15.6± 1.4 
pGAHR IS.S±3.1 52.9±7.5 90.5±12.4 

a Independently-isolated cell lines 

Table 2 shows GUS activity of BY-2 cells transformed with the cryptic 
reporter constructions after co-culture with Agrobacterium cells that 
carried the R gene. Significant levels of activity were detected in both 
BY-2(CAT/GUS) and BY-2(IGUS) cell lines 48 hr after co-culturing; ac
tivity increased as co-culturing was prolonged. When cells were co
cultured with Agrobacterium that harbored pGAHAR with the mutant 
R gene, GUS activities remained at background levels. These results 
indicate that the R protein mediates the site-specific recombination 
between RS elements that are resident on the tobacco chromosomes. 

Table 3. Histochemical staining of protoplasts of CAT/GUS-transfonned BY-2 cells co-cultured 
with Agrobacteri1ll1l cells that carried the R gene in the binary vector. 

Binary vector Number of Total cells Percentage of total 
blue cells examined cells that stained 

pGAHdR 0 1542 0 
pGAHR 43 2153 2.0 

pIGI21HMa 70 1525 4.6 

a pIGI21HM contains a GUS gene with an intron in the 5' non-coding region in such a way that it 
can be expressed only in plant cells. 

Table 3 shows the results of an experiment in wich histochemical 
staining was measured Protoplasts of CAT/GUS-transformed BY-2 
cells co-cultured with Agrobacterium cells that carried the R gene in 
the binary vector. Two percent of the co-cultured cells showed blue 
staining. When we co-cultured BY-2(CAT/GUS) cells with Agrobacte
rium cells that carried a GUS reporter gene instead of the R gene in 
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the binary vector (p1G121HM in Table 1), 4.6% of the cells were 
stained. Therefore, it is likely that excision of the CAT cassette took 
place in approximately 40% of the plant cells into which the R gene 
had been incorporated. 

When we analyzed the excision product from the CAT/GUS con
struction and the inversion product from the IGUS by PCR, the ex
pected sizes of DNA fragments were amplified, respectively. Analyses 
of the nucleotide sequences of the amplified DNA fragments showed 
that recombination took place precisely within the two RS elements 
of each construction. 
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Induction of R-RS recombination in Arabidopsis plants 

Transgenic plants 
1. The transgenic Arabidopsis thaliana line R-21 (hygromycin resis

tant) carries the R gene under the control of a modified 35S pro
moter. R-21 provided the highest efficiency of R-RS recombination 
among the three lines we tested. 

2. The transgenic Arabidopsis thaliana line CATGUS-12 (hygromycin 
and kanamycin resistant) carries the CAT/GUS cryptic reporter 
gene. 

Cross-pollination between Arabidopsis plants that carry the R gene 
and plants that carry two RS elements. 
1. Plant the transgenic Arabidopsis thaliana line that carries the R 

gene under the control of the modified 35S promoter (R-21) and the 
line that carries two RS elements and the cryptic GUS reporter 
gene (CATGUS-12) on soil. 

2. Cross R-21 with CATGUS-12, using the latter plant as the pollen 
parent. 

3. Grow transgenic plants under continuous light (3000-6000 lux) at 
22°C. 

4. Harvest seeds. 
5. Sow F, seeds on MS plates containing 15 mg/liter hygromycin B. 
6. Incubate under continuous light (3000-6000 lux) at 22°C. 
7. To examine germinal recombination, self-pollinate the F, progeny 

and harvest F2 seeds. 

Histochemical assay for GUS activity 
Histochemical detection of GUS expression can be performed essen
tially as described [6,21] 
1. Obtain twelve-day-old in vitro plantlets. 
2. Place plantlets in a solution of 1 mg/ml X-Gluc, 50 mM NaH 2 P0 4 

(pH 7.0), and 0.5% Triton X-100. 
3. Introduce the staining solution into the plantlets by vacuum infil

tration for 30 min. 
4. Incubate at 22°C for 16 h. 
5. To remove chlorophyll, transfer the plantlets to a solution of 5% 

formaldehyde, 5% acetic acid, and 20% ethanol and incubate for 
10 min. 

6. Transfer to 50% ethanol and incubate for 2 min. 
7. Transfer to 100% ethanol. 
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Results of R-RS recombination in Arabidopsis plants 

Figures 2A, B, and e show typical staining patterns of F, progeny 
plantlets. On the basis of these staining patterns, F, progeny were 
classified into three basic types (A, B and e). (1) Type A exhibited dis
tinct, patch-like blue spots on cotyledons and a few very small spots 
on leaves, hypocotyls, and roots (Figure 2A). (2) Type B exhibited 
staining of whole cotyledons, hypocotyls, and some regions of roots 
(Figure 2B). (3) Type e also showed staining of whole cotyledons, hy
pocotyls, and some regions of roots, as did type B. In addition, type e 
exhibited sectorial chimerism in the first, second, and third leaves 
(Figure 2C). Even in type e, however, only a few very small spots were 
visible on the later leaves (the fourth and fifth leaves); (Figure 2C). 
Three out of the twelve progeny of these parents exhibited sectorial 
chimerism. Note that the stained sectors were found in each of the 
first three leaves in these three progeny and that all of the sectors ex
tended from the base of petioles almost as far as the tips of the leaves. 
The above results indicate that R-RS recombination can be induced in 
somatic cells, at least, of Arabidopsis plants. 

c 

Fig. 2. Analysis of somatic recombination in F I progeny and germinal recombination in F 2 prog
eny. Plants that were generated by cross pollination of a CATGUS transformant line with the R gene 
transformant line. Twelve-day-old plantiets from among the FI progeny of CATGUS-12 x R-2l (A, 

B, C) and the F2 progeny (D) were incubated with X-Gluc. Bar = 5 mm. 

Figure 20 shows F2 progeny plantlets that exhibited staining of the 
entire plantlet. To examine the frequency of R-RS recombination in 
germ cells of F, progeny (germinal recombination), F, plants were 
self-pollinated, and the resulting F2 plants were stained with X-Gluc. 
Among the progeny from these parents, 2.4% exhibited staining of 
the entire plantlet (Fig. 20). These plants must have been derived 
from germ cells of the F, plant in which the cryptic GUS gene had 
been activated by R-RS recombination (germinal R-RS recombina
tion). We further confirmed the germinal R-RS recombination event at 
the ONA level by Southern hybridization and peR [3]. 
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Prospects for introduction of the R-RS system in plants: 
The R-RS system may be useful for clonal analysis of leaf 
development 

One of the potential applications of site-specific recombination sys
tems is use in the clonal analysis of cell lineage [17,33,34,41]. If ex
pression of the R gene could be controlled by a promoter that was 
transiently activated at a developmental state that substantially pre
cedes overt differentiation, the cryptic GUS reporter gene could be 
activated at that developmental stage. Then, the gain of function of 
the reporter gene would be heritable in progeny cells throughout later 
developmental stages and would be easily detectable by simple his
tochemical staining. It would thus be possible to construct a fate map 
of embryonic cells during organ development that might allow us to 
correlate embryonic patterns of gene expression with the organiza
tion of cells in mature organs. 

The results in Figure 2 show that the cryptic reporter/R gene system 
is, in fact, applicable to such an analysis. Although we used the 35S 
promoter, which is thought to be active in all organs at all stages of 
development, to drive the R gene, sectorial chimerism of GUS activity 
was found in the first three leaves of three progeny from a particular 
combination of parents, namely, CATGUS-12 x R-21 (Figures 2B and 
2C). Because each sector extended from the base to the tip of each 
leaf, the recombination event that gave rise to the sector might have 
taken place prior to germination in a single cell or in a discrete 
group(s) of cells in the immature shoot apical meristem of an embryo, 
which might have generated the first three leaves. Alternatively, it 
might have occurred at a very early stage of leaf development after 
germination. Shapes of the sectors observed in our study were simi
lar to those of the sectors found during clonal analysis of leaf devel
opment by X-ray irradiation of dry seeds [14,19]. This correlation sup
ports the idea that activation of the cryptic reporter gene by the R-RS 
recombination might have occurred prior to germination. However, 
for the systematic and detailed analysis of cell lineage, it is necessar
ily to use a promoter that can be activated at a specific developmental 
stage of interest. 
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Deletion of a Chromosomal Region Flanked by Two RS Elements in 
Arabidopsis Plants 

We and other groups have previously proposed that site-specific re
combination systems may be useful for introducing deletions and in
versions of large regions of plant chromosomes if two recombination 
sites could be placed in a single chromosome [29,35,37]. To this end, 
we took advantage of the maize transposable element Ac because it 
transposes efficiently to regions within the same chromosome (intra
chromosomal transposition) of maize [11,15,16,30,43], tobacco 
[12,22], Arabidopsis thaliana [5,26], and tomato [8,36]. 

To develop this system, a plant in which the distance between two 
RS elements has been determined must be used because the longer 
the distance is, the lower the frequency of recombination is expected 
to be. Therefore, we first prepared such plants. 
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Generation of Arabidopsis plants which contain two RS elements 
separated by determined distances in a single chromosome. 

A 

(I-RS/dAc-I-RS)T-DNA 

I-See! I-Seel 

l'promoler t 
RB ; P35S-HPT-Tnos 
<lI;\:,{~;;tf¥f?:?J&:2R i) c fe,' 
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Fig. 3. (A) Schematic diagram of the (I-RS/dAc-I-RS)T-DNA. LB and RB indicate left and right 
border sequences on the T-DNA, respectively. I-SeeI, the cleavage site for endonuclease I-SeeI; I' 
promoter, the l' promoter of the octopine Ti plasmid TR-DNA; P35S, the promoter of the gene for 
35S RNA from cauliflower mosaic virus; HPT, the coding sequence of the gene for hygromycin 
phospho transferase; NPTII, the coding sequence of the gene for neomycin phosphotransferase II; 
Tnos, the terminator of the gene for nopaline synthase; Tocs, the terminator of the gene for octopine 
synthase; IR, the terminal inverted repeat sequences of Ae; RS, the recombination site that is recog
nized by the R protein from Zygosaeeharomyees rouxii. Thick lines indicate the probes (probes I 
and 2) used for Southern blot analysis_ (B) The strategy for measurement of the distance of trans
position. I -SeeI indicates the site of cleavage by endonuclease I -SeeI. A dark gray box indicates 
dAc-I-RS. Light gray boxes indicate regions of T-DNA other than dAc-I-RS in (I-RS/dAc-I-RS)T-

DNA. 

Figure 3 shows the strategy for measurement of the distance of two 
RS elements in the same chromosome [26]. The T-DNA construction 
in Figure 3 contains three RS sequences: two are inside and the other 
is outside the modified Aetransposable element. Furthermore, the T
DNA construction has two recognition sites for I-Seel: one is inside 
and the other is outside the transposable element. We designated this 
element dAc-I-RS because it had the defective Ae element that con
tained the site for I-Seel and RS elements and this T-DNA as (I-RS/dAc
I-RS)T-DNA as described in Machida et al. [26]. Because I-Seel recog
nizes a specific 18-base-pair sequence [9,10], the expected frequency 
of occurrence of the cleavage site for this enzyme is less than one for 
the chromosomes of Arabidopsis thaliana. Therefore, if such cleavage 
sites are introduced into the Ae element and at the original chromo
somal location of the Ae element, the physical distance of transposi
tion can be directly determined by measuring the size of the DNA seg-
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llent generated by digestion of the genomic DNA with I-Seel . After 
:ransposition of dAc-l-RS on the same chromosome, digestion of ge
lomic DNA with I-Seel should give rise to a segment of chromosomal 
)NA flanked by part of the T-DNA at the original integration site and 
part of the transposed dAc-I-RS sequence (see Figure 3). Using two 
)NA fragments as probes (probes 1 and 2) for Southern hybridization 
:see Figure 3), we can distinguish the relative direction of each trans
oosition. 

For monitoring the excision of the dAc-l-RS element, it was inserted 
nto a region between the l' promoter [44] and the coding sequence 
of the gene for neomycin phosphotransferase II (NPTII), generating a 
~ryptic kanamycin resistance gene [4], as shown in Figure 3A. Thus, 
3xcision of dAc-l-RS in transgenic Arabidopsis plants that contain (1-
~S/dAc-l-RS)T-DNA should create an active NPTII gene. 

We chose a transgenic Arabidopsis line that had a single copy of (1-
~S/dAc-l-RS)T-DNA in chromosome 1 (#14) and induced transposi
tion to measure the physical distance between two RS elements on 
the chromosome. Figure 4 shows distances of transposition, i.e., the 
:iistances between the two RS elements in transgenic Arabidopsis 
olants which we generated using line #14. 

These Arabidopsis plants are useful for a systematic examination of 
~hromosomal deletions mediated by the R-RS system. We present 
lere the procedure for inducing transposition of dAc-I-RS and mea-
5uring the physical distance between two RS elements on the chro
l1osome. We also describe the detection of a deletion of a chromo-
50mal region flanked by two RSs in Arabidopsis somatic cells. 

Plant materials 

1. The transgenic Arabidopsis line I-RS/dAc-l-RS#14 that carries a 
single copy of (I-RS/dAc-l-RS)T-DNA. 

2. The transgenic Arabidopsis line P35SAcTPase#9 that carries the 
gene for Ae transposase under the control of a modified 35S pro
moter. 

3. The transgenic Arabidopsis line R-21 that carries the R gene under 
the control of a modified 35S promoter. 
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Fig. 4. (A) Southern blot analysis for measurement of the distance of transposition of dAc-I-RS 
determined by pulse-field gel electrophoresis. High molecular-weight genomic DNA was prepared 
from Arabidopsis plants that had a transposed dAc-I-RS which originated from line #14. Isolated 
DNA was digested with I-See! and then fractionated by PFGE through a 1% agarose gel for 18 h at 
170 V with a switch interval of 80 s and then for 3 h at 170 V with a switch interval of 110 s. (B) 
Summary of distances of transposition in the I-RS/dAc-I-RS#14 line. LB and RB indicate left and 
right border sequences on the T-DNA, respectively. Some of the plant names are indicated in paren-

theses. 

Measurement of distances of transposition of dAc-I-RS 

Induction of transposition of dAc-I-RS and selection of plants with a 
transposed dAc-I-RS. 
1. Cross plants oftransgenic line #14 with line P35SAcTPase#9, using 

the latter plant as the pollen parent. 
2. Self-pollinate F, progeny and harvest F2 seeds. 
3. Sow the F2 seeds on MS basic medium [Murashige and Skoog 
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Plant Salt Mixture (Wako Pure Chemical Industries Ltd.) with 20 g/I 
sucrose, 3 mg/I thiamine, 0.5 mg/I pyridoxine, 5 mg/I nicotinic acid, 
and 0.2 % Gellan Gum (Wako Pure Chemical Industries Ltd.), pH 
6.3] with 35 mg/I kanamycin sulfate to select plants in which dAc
I-RS has been excised to create the active kanamycin resistance 
gene (see Generation of arabidopsis plants which contain two RS 
elements separated by determined distances in a single chromo
some). 

4. Select plants that have reinserted dAc-I-RS elements by examining 
the presence of the dAc-I-RS sequence by Southern hybridization 
or polymerase chain reaction (PCR). 

Preparation of high-molecular-weight DNA [18,20]. 
1. Sow seeds from plants that have transposed dAc-I-RS on MS 

plates containing 15 mg/liter hygromycin B and incubate under 
continuous light at 22°C for one week. 

2. Collect 100-150 seedlings and cut into small segments (2-5 mm 
long). 

3. Transfer the pieces to a 300 ml flask containing 50 ml of RM 28 
medium [18], and culture them for 3 weeks by agitating the flask 
at 130 rev/min at 26°C in the dark. RM28 medium consists of MS 
salts supplemented with 0.2 mg/I 2,4-0, 0.05 mg/ml kinetin, 0.1 M 
sucrose and buffered with 3 mM 2[N-morpholino] ethanosulfonic 
acid (MES) at pH 5.8. 

4. Change the medium every 5-7 days by pouring off the spent me
dium and any floating cells. Cultures should consist mainly of 
very small clumps. 

5. Replace the medium with 50 ml of protoplast isolation medium 
(PIM), which contains RM 28 medium, 5 mM CaCI 2 , 0.5 M manni
tol, 1 % Cellulase Onozuka RS, and 0.2 % Pectolyase, and adjust 
its pH to 5.8 with KOH. 

6. Incubate at 25°C with gentle shaking for 4 h. 
7. Filter the cell suspension, which has become turbid with proto

plasts, through a nylon mesh (60 mm) to remove undigested calli. 
8. Centrifuge the filtrate at 1000 rpm for 2 min. 
9. Suspend protoplasts in 0.6 M mannitol at a final concentration of 

approximately 2 x 108 protoplasts/ml. 
10. Mix protoplasts in 0.6 M mannitol with the same volume of mol

ten 2% low-melting temperature agarose (InCertTM; FMC, Rock
land, ME, USA) and pour into plastic molds (2 x 5 x 10 mm 3 ). 

11. Place plastic molds on ice for 10 min until the agarose solidifies. 
12. Place the plugs (100 ILl/one plug) in a NOS solution that contains 

0.5 M EOTA, pH 8.0, 1% sodium N -Iauroylsarcosine, and 2 mg/ml 
proteinase K (Sigma, St. Louis, MO, USA). 

12. Incubate for 48 h at 50°C. 
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13. Transfer the plugs to fresh NDS and incubate for an additional 
48 h. 

14. Store at 4°C. 

Digestion of high-molecular-weight DNA in plugs with 
endonuclease I-Scel 
1. For inactivation of proteinase K, place the plugs in a solution of 

50 mM EDTA (pH 8.0) and incubate for 2 h at 25°C. 
2. Transfer the plugs to a solution of 50 mM EDTA (pH 8.0) and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and store overnight at 4°C. 
3. Transfer the plugs to a solution of 10 mM Tris-HCI and 0.1 mM 

EDTA (pH 8.0) and incubate for 2 h at 25°C. 
4. Transfer the plugs to fresh solution containing the same compo

nents and store at 4°C. 
5. Cut the plug and transfer one fourth of it into a tube. 
6. Equilibrate the piece of plug (25 ILl) overnight at 4 °C in 100 ILl of a 

reaction buffer containing 0.1 M diethanolamine-CI and 1 mM 
dithiothreitol, pH9.5, and then incubate it for two hours at 4 °C in 
200 ILl of the same buffer containing 200 ILg/ml bovine serum albu
min. 

7. Transferthe plug into 50 ILl ofthe same buffer containing enhancer 
(Boehringer Mannheim Biochemica, Mannheim, Germany) and 40 
units of 1- Scel (Boehringer Mannheim Biochemica) for 2 h at 4 C. 
Because I-Scel is known to be unstable in the presence of Mg2+, 
diffusion of the enzyme into the plugs is needed before starting the 
reaction [42J. 

8. Start the reaction by addition of 1.25 ILl of 0.2 M MgCI2 (final conc. 
5 mM) and incubate the tube for 40 min at 37°C. 

9. Analyze the DNA segment in the plugs directly by pulse-field gel 
electrophoresis (PFGE). 

Conditions for Pulse-Field Gel Electrophoresis 
PFGE is performed as essentially described by Guzman and Ecker 
[18J. 
1. Prepare agarose gels (1% SeaKem LE agarose FMC) in 0.5xTBE 

(0.045 M Tris-borate, 1 mM EDTA, pH 8.0) by pouring 120 ml of 
agarose into a 20 x 20 cm frame for separation of DNA fragments 
of 5-1,000 kb. For separating of DNA fragments of 1-5 mega-base 
pairs (Mb), prepare agarose gels (0.6% Fast Lane Agarose; FMC) in 
0.5 x TAE (0.02 M Tris-acetate, 0.5 mM EDTA, pH 8.0) in the 
20 x 20 cm frame. 

2. Insert plugs containing digested DNA into gel wells. 
3. Carry out electrophoresis in 0.5 x TBE and 0.5 x TAE running buffer 

for separation of DNA fragments of 5-1000 kb and 1-5 Mb, respec-
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tively, and maintain a constant temperature of 10°C by recircula
tion of the buffer through a heat exchanger. 

4. Fractionate digested DNA by PFGE through a 1% agarose gel for 
18 h at 170 V with a switch interval of 80 s and then for 3 h at 170 V 
with a switch interval of 110 s (for analysis of fragments of 
5-1000 kb) or through a 0.6% agarose gel for 3 h at 50 V with a 
switch interval of 5 s and for 7 days at 50 V with a switch interval of 
1800 s (for analysis of fragments of 1-5 Mb). 

5. Carry out transfer of DNA to a filter and Southern blot by a stan
dard protocol. 

PMBM-N2/16 



Results of measurement of distances of transposition 

We analyzed a total of 60 transposition events from line #14 in this 
way. As summarized in Figure 3, 50% of all transposition events had 
occurred within 1700 kb on the same chromosome, with 35% within 
200 kb. The elements transposed in both directions on the chromo
some with roughly equal probability. 

PMBM-N2I17 



Induction of deletions mediated by R-RS recombination 

Cross-pollination between Arabidopsis plants that carry the R gene 
and plants that carried two RS elements separated by a determined 
length in the same chromosome. 
1. Plant the transgenic Arabidopsis line (R-21) that carries the R gene 

underthe control ofthe modified 35S promoter and one ofthe lines 
that carry two RS elements on the same chromosome, as shown in 
Fig. 4 (I-RS/dAc-I-RS#14-17), on soil. 

2. Cross R-21 with I-RS/dAc-I-RS#14-17, using the latter plant as the 
pollen parent. 

3. Grow transgenic plants under continuous light (3000-6000 lux) at 
22°C. 

4. Harvest seeds. 
5. Sow seeds of F, progeny on MS plates containing 15 mg/I hygro

mycin Band 35 mg/I kanamycin sulfate. 
6. Incubate under continuous light (3000-6000 lux) at 22°C for 20 

days. 

Detection of somatic deletion by PCR 
1. Extract DNA from the leaves of 20-day-old F, progeny by the 

method using cetyltrimethylammonium bromide described by 
Murray and Thompson [31]. 

2. Use the extracted DNA as a template for amplification by the poly
merase PCR during 30 cycles of 30 s denaturation at 94°C, 1-min 
annealing at 60°C, and 3-min elongation at 72 °c, using 10 ng of 
genomic DNA in a total volume of 100 J .. t!. 

3. Analyze the reaction mixture by electrophosesis through a 4% 
polyacrylamide gel. 
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Results of induction of somatic deletion 

As shown in Figure 5, the 0.3 kb DNA fragment was amplified with 
genomic DNA of the F1 progenies, but not with parental lines. This re
sult is to be expected if recombination takes place between two RS el
ements. 

dAc·I·RS 

----q'l~CJ--~R~ 
planlDNA .. • 

prine" prmar2 

.. • 
12kb 

tho R ,OM - I Do .... 

------~~~-----
RS ... 

primer 1 pri-ner 2 -O.3kb 

...-O.3kb 

Fig. 5. peR analysis of DNA produced by R gene-mediated recombination in somatic cells of F, 
plants. Template DNA was extracted from leaves of 20-day-old parents and F, plants. peR was 

performed as described. peR was carried out with the primers depicted. 

PMBM-N2/19 



Prospects for development of recombinant DNA technology 

Development of recombinant DNA technology for manipulation of 
large segments of DNA is of importance for the structural and func
tional analysis of eukaryotic chromosomes [29,35,37,39]. The Arabi
dopsis plants that we generated are useful for a systematic examina
tion of chromosomal deletions and inversions mediated by the R-RS 
system, because the physical distance between the two RS sequences 
on the chromosome has been precisely determined. We must further 
examine whether site-specific recombination in germ cells can be in
duced by using the transgenic lines. 
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13117 
D6/6 
Hl/17 
Al/13, J4115 
F1I22 
F2111 
G519 
C2/28 
B5/8 
F4/21 
D5111 
13/7, J1I18 
A1/7 
A1/7, C2117 
Al/7 
C2/8, H5/16 
E1I8 
D2/10 
H5/14 
B5/8,I2/4 
J1I8 
D4110 
12/5, 14/14 
D61l6, F4122, H11l8, 14114 
01113 
C1I9, Fl119 
11/7 
B2114 
B2114, C2/23 
D6/8, J3125 
13/17 
03111 
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Mitochondria Wash Buffer 
Mitochondrial Isolation Buffer 
MOPS Buffer 
Mung Bean Buffer 
Nick Translation Buffer 
NPT II Extraction Buffer 
NPT II Reaction Buffer 
Nuclear Extract Buffer 
Nuclear Isolation Buffers (NIB) (1-3) 
Nuclei Lysis Buffer 
Nuclei Resuspension Buffer 
Nuclei Wash Buffer 
PCR Buffer 
PEG-TC Buffer 
Phosphate Buffer 
PIM Buffer 
Plasmolysis Buffer 
Polysome Buffer 
Protoplast buffer 
Random Primer Labeling Buffer 
Reaction Buffer (5x) 
Resolving Gel Buffer 
RNA Extraction Buffer 
Running Buffer 
SCE Buffer 
SCEM Buffer 
SDS Sample Buffer 
SEB Buffer 
SOE Buffer 
SOEM Buffer 
SM Buffer 
SML Buffer 
Stacking Gel Buffer 
STC Buffer 
STE Buffer 
Sucrose Gradient Buffer 
T4 DNA Polymerase Buffer 
T4 Polynucleotide Kinase Buffer 
TA Buffer 
TAE Buffer 
TBE Buffer Electrophoresis Buffer 
TBS Buffer 
TBST Buffer 
TE Buffer 
TEN Buffer 
Transcription Buffer 
Transcription Buffer 
Vacuole Buffer 
Wash buffer 
X-glue Buffer 
Z Buffer 
Z Buffer 

~ab gene 
:aMV35S promoter 
:a1cium 
:arbenicillin 

:1-

D3/ll 
D3/10 
Fl/20 
HlII8 
FI/20 
C1I9, ClIll 
C1I9, CIIIl 
12/4 
D2110 
12/4 
EII5 
12/4 
F1I21, F4/21 
H2/13 
B5/8 
J4114 
E1I5 
D5111 
H5/16 
F1I21 
D6111 
F1I21 
D515 
Cl/9, D6116 
G519, H2/13 
H2/13 
F1/21, J1110 
J4113 
H2/14 
H2114 
F2110, G519, HIIl8 
G519 
F1I21 
H2/14 
G5/10, HI/17 
HlI18 
J4/15 
J4/15 
11/12, H5114 
H5/21 
F4/12, H5/20 
J4/13 
J4/13 
E3/21, HIII8, H5/13, MII21 
F4/22 
Gin 
J1/5 
J3/26 
H5116 
B5/8 
C2112, E3123, E3/25 
C2115, Mill? 
C212 
C5/2, F2/1, F4111, J3/2 
C411 
B4/9 



Carrier DNA 
CAT assays 

CAT extraction 
Chromatographic 
Phase extraction method 
Solutions 

cat gene 
Catalase 
cDNA 
cDNA expression libraries 

Screening 
Cell culture transformation 
Chef gel separation 
Chemiluminometer 
Chernilurninescent 
Cherniluminescent detection 
Chitinase, tobacco 
Chlamydomonas reinharditi 
Chloramphenicol 
Chloroplast 

Hypotonic lysis 
In vitro protein import 
Isolation 
From Euglena gracilis 
From Pea 
From Spinach 
Gene hybridization 
Protein extract 
RNA Degradation 
Solutions 

Chloroplastic precursor proteins 
Binding 

Reactions 
In vitro reconstitution assays 
Pea 
Preparation by in vitro transcription 
Preparation by in vitro translation 

Reaction mix 
Transport 

Quantitation of protein 
Reactions 
Thermolysin treatment 

Chlorsufuron (Glean) 
Chromatin 
Structure Studies 

Nuclei isolation 
In situ digestion for nuclei 
Sequencing 
solutions 

Chromatography 
DNase I affinity 
DEAE-cellulose 

DNA-affinity 
DNA-cellulose 
Exclusion 
Heparin-agarose 

E3120, MlI15, N3/10 
C2/6 
C2/6 
C2/9 
C2/9 
C2/S 
C2/6, N2/2 
13124 
E3J3, F5/3, F6/1, 0115 
E3/6, F2/1, M1I4 
F2/1 
1319 
A3/S, H2/6, H3/1, H3/2 
C4/4 
F5/1S 
Fl/19 
1312 
D6/1 
C2/6 
C4J3, D4/1, D6/1, H5/4, 11/1 
J1/12 
J1/1 
D4/1, D4/4, D4/5, D417, 1117 
D4/5 
1117 
D4/4, D417, D4/9 
H5/S 
D6/4 
D611, D6/4, D6/11 
D4/S-12, J1/S 
J1/1 
J1/9 
J1/9, 11/10 
J1/l 
J1/1 
J1/2 
J1/1, J1/2, J1/4 
J1/4 
J1/1,11/9 
11/13 
J1/9 
11/11 
B6/3 
1311 
13/3 
13/3 
13/4 
13/12 
13/17, B/1S 

0112 
0112 
14/11, 14/12 
14/10 
F3/15, 0112 
1417, 14/S 
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Poly-L-proJine (PLP)-Sepharose 
Chromogenic 
Chromosomal rearrangements 
Chromosome in situ hybridization 

Detection and Visualization 
Hybridization 
Metaphase spreads 
Probe preparation 

Use of Digoxigenin 
Cloning 

BAC cloning system 
By functional complementation 
By gene disruption 
By genetic screening 
Probability of 

Cloronaphtol 
Coat protein (cp) 
Coelenterazine 
Cointegrate vectors (see also plasmids) 
Col El 
Competent yeast cells 
Coomasie brilliant blue 
cpn 60B gene 
Cre-lox 
Cre-recombinase 
Cross-pollination 
Cruciferin 
CSPD 
CTAB 
Cucumopine 
Cucumopine lactam 
Custom-PCR (cPCR) 

Reaction mix 
dAc-I-RS element 
DAPI staining 
dhfr gene 
2,6 Dichlorobenzonitrile (DCB) 
Diarninobenzidina 
Diethyl pyrocarboncite 
Differential display 
DIG (see digoxigenin) 
Digoxigenin (DIG) 
Digoxigenin labeling of probes 
Dimethyl sulfate (DMS) footprinting 
Direct visualization hybridization (DIRVISH) 
DMS (Dimethyl sulfate) 
DNA 
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DNAse I footprinting 
Electrotransfer 
End-labelled 
Fibers 
Footprinting 
Hybridization 
Indirect end-labelled 
Isolation 

For Genomic Libraries 

0112,01/8 
G4/2 
Nln 
mil, m/2 
m/4, G3/9 
m/3, G3/8, G3/9 
m/2, m/4 
m/3, G3n 
G3/2, G3n, G3/8 
FS/4 
HSIl, HS/S 
E3/3 
K3/1 
E3/4 
H1I3 
F3/2 
L4/3, L4/6 
C41l 
B1I2, B1I3 
B 112, B 113, K3/2 
MlIll 
FI/IS 
C2/3 
HS/3, N3/1, N3/3 
E3/3, N1I3, N3/2 
N2n 
M1I4 
F3/6, F3n 
DlII, D1I2, F3n 
C3/8 
C3/8 
F41ll, F41l3-17 
F4IlS 
N21l2, N21l3 
E1I3, GS/8 
B6/3, CI/3 
13/6 
mil 
FS/ll 
FSIl, F6/1 

F3/2, F3/3, F3/4, m/2, G3n, G3/8 
F3/2, F3/8 
I3/2, I3/8, I31l6 
GS/2, GS/4 
I3/2, I3/IO, I31l1 

FS/13, 121l 
I3/14 
12/4 
GSIl 
121l, I3/2, I3/8 
H3/13, HS/26 
I3/S 
DlIl, D1I3 
H1I3 



From A. thaliana 
From Chloroplasts 

Solutions 
From DMS treated cells 
From E. coli plasmid 
From Mitochondria 
From yeast 

Solutions 
High Molecular Weight 

Partial digestion 
Methylation 
Sequencing 

Multiplex 
Silver 

Topology 
Targeting signals 
Viral vectors 

Caulimovirus 
CaMV 

Construction of 
Plant infection using 
Vector plasmid 

Geminivirus 
TGMV 

Production of transformants using 
Viruses 

Badnavirus 
Caulimovirus 

CaMV 
Genome organization 
Isolates 
ORFs 

Geminivirus 
ACMV 
BCTV 
MSV 
TGMV 
WDV 

DNA binding domains 
DNA binding proteins 
DNA fibre FISH 
DNA hybridization 

Blocking Solutions 
Hybridization Solutions 
Non-radioactive systems 
Prehybridization Solution 
Reprobing 
Washing 

DNA probe labeling 
DNA recombination 

Homologous 
Illegitimate 
Site-specific 

DNAse I footprinting 
DNA-binding conditions 
DNAse I digestion 

IG/9 
D4/1, D4/3 
D4110-12 
13111 
M1/20 
0316, D3/9 
E3/22, M1119 
03/10, D3/ll 
H2/4, H3/4, H317, H3110, N2114 
H2/4, H3/10 
HlI14 
12110, 13/2 
F3/9 
F3/10 
H3112 
1311 
LlIl, L2/1, L3/1 
L3/1 
L3/2, L3/3 
L3/5 
L3/8 
L317 
L2/1, L2/3 
L2/3, L2/17 
L2/17 
L1I2, L1I3, L3/4 
L3/1 
L3/1 
L3/2, L3/3 
L3/6 
L3/5 
L3/2, L3/3, L3/6 
L211 
L2/1 
L2/1 
L21 
L2/1 
L2/1 
E3/6, 14/1 
F211, IlI1, 1411 
G5/2, G5/5 
F3/1, F3/17 
F3/3, F3119 
F3/16, F3/17 
F3/1 
F3116 
F3/8, F3/22 
F3/18 
FlIlO, F1112, F311, IlI5 
NlIl, N211, N311 
NlIl 
Nl/1 
NlIl, N211, N3/1 
12/1 
12/6 
12/8 

7 



DNAse I tritation 
Nuclear extracts 
Solutions 

DNAse I 
Chromatin structure studies 
Digestion 

In situ nuclei 
Titration 

DNAse I affinity column 
Dot blot 
EDTA 
Electrophoresis 

Agarose gel 
Contour Clamped Homogeneous Field gel (CHEF) 

Field Inversion Gel (FlGE) 
Formaldehide-denatured 
Glyoxal-denatured RNA gel 
Orthogonal field alternation gel (OF AGE) 
Polyacrylamide gel (PAGE) 

Sequencing 
Polyacrilamide composite gel 
Pulsed field gel (PFGE) 
Pulsed field gradient gel (PFGGE) 
Pulsed homogeneus orthogonal field gel (PHOGE) 
Rotating gel (RGE) 
SDS-PAGE 
Secondary pulsed field gel (SPFG) 
Transverse Alternating Field Gel (TAFE) 
Zero integrated pulsed field gel (ZIFE) 

Electrophoretic Mobility Shift Assays (EMSA) 
Electroporation 
Electrotransfer 
ELISA 
Endoplasmic reticulum 
Escherichia coli 

Col El 
DNA polymerase 
Klenow fragment 
lac Z 
Restriction system 
Transformation 
Strain DHIOB 

Ethidium bromide 
Expression vectors 

pUCI813CPCMVI9 
Extended chromatin fibre (ECF) 
Extended DNA fibre (EDF) 
F-actin 
F factor 

parA, parB, parG, oriS 
Far western 
Filamentous actin 
FLPIFRT system 
FLP proteins 
Fluoresceine diacetate 
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1219 
12/2 
1213, 12/5, 12/7, 12/10, 12112 
1112, 1211, 1311, 1312, 13/4 
13/3 
1218 
13/4 
1219 
0112 
FIll 
DIll 

FII3,11/2 
H311, H3/2, H3112, H5/9, H5/20, 
H5I2I, N2/15 
H3/I, H3/12 
FI/7 
FII6 
H311, H3112 
FIII4, KII12 
13114 
11/6, 11/11, 11112 
H311, H3/2, H3110, N2115 
H311 
H3/1 
H3/1 
C2/13, FI/I3 
H312 
H311 
H3/2 
F2/2 
AliI, A3/2, C4/2 
13114 
0311 
C4/3 

BII2, BI/3 
FII10, F411 
FII12, F2/7, F3/5 
C2/2, C2110 
HII2 
K3/11 
H5/8 
H5/13, KII4 
E3/3, F4111 
F4111, F4/13 
05/4 
G511, G5/4 
0112 

H512 
FIll 
0111 
NIIl, NII6, N211 
NII2 
13/21 



Fluorescence 
Fluorescence in situ hybridization (FISH) 
Fluorocbromes (see also inrnunolabeling) 

Types 
5' -fiuoro-orotie acid (5' -FOA) 

Footprinting 
DNAsel (see DNAsel footprinting) 
In vivo 

Forrnaldehide 
FRT sites 
G-actin 
GALl promoter 
GAL4 
GAL80 
B-Galactosidase assay 

Filter assay 
In gel 
Histochemical 

Solutions 
Quantitative 

Solutions 
Gel electrophoresis 
Gel mobility shift assays 

High-ionic-strength system 
Low-ionie-strength system 

Binding reactions 
Gel runing 
Nuclear extracts 
Probe labeling 
Solutions 

Gel purification 
Gel retardation 
Gene expression 

Specialized vectors 
Gene expression, regulation of 
Gene function 
Gene regulation 
Gene screen membrane 
Gene tagging 

In A. thaliana by T-DNA insertion 
Specialized vectors 
Isolation of genes by 

Gene targeting 
Gene transfer 
Geneticin 
Gentamicin 
Genomic libraries, plant 

DNA isolation 
Construction of Partially Digested 

Cloning 
Amplification 

ClAP treatment 
Klenow fill-in 
Ligation 

Final digestion 

C5/2 
G511, G5/14 
0311 
G3/2 
E3/2, E3116, E3/17, E3/18, E3/19, 
M1I22 
E3/18, 1211, 13/2 

13/8 
F1I5 
N1I2 
0111 
E3/16 
E3/4, M1I2, Ml/5 
E3/6 
C2/11 
E3/23 
C2/13 
C2/14 
C2/15 
C2/11, E3/24 
C2/12, E3/25 
F5/19 
E3/11, E3/18, 1111, 14/9 
I1IIO 
I1I2 
IlI8 
I1I8 
1113 
I1I5 
I1I4, I1I6, 1117 
A3/8 
12/6 
C2/3 
B2/1 
El/l, E2/1 
1311 
1311 
1317, 13/15 
B2/1, B2/2, KlIl 
K3/1 
B211 
K3/3 
NlIl 
NlIl 
Cl/l 
B6/3 
HIll 
HI/3 
H1I3, HI/4 
Hl/6 
HlI12 
H117 
HI17 
HlIlO 
Hl/6 
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Packaging 
Pilot digestion 
Plating 
Size fractionation 

Construction of Randomly Shared 
Amplification 
Blunt ending 
Insert DNA quantitation 
Ligation 
Linker ligation 
Methylation 
Packaging 
Plating 
Shearing 
Size fractionation 

Gentamycin 
Glucose-6-phosphate dehydrogenase 
Glutaraldehide 
Glyphosate 
Glyoxal 
GUS assays 

Cytoplasmic GUS activity 
Fluorescence assay 
For protein nuclear import 
Histochemical staining 
In gel 
Non-destructive 
Nuclear GUS activity 
Quantitative 
Solutions 
Transient expression 

gus gene 
HEP - Ia1b proteins (see also DNA binding proteins) 
Helix-Ioop-helix (HLH) 
Hexahistidine fusion 
High molecular weight DNA 

Isolation 
Protoplast prepartion 

Hybridization 
Partial Restriction digestion 
PFGE 
Restriction Digestion 
Southern blotting 

HIS3 
Histochemical 
Histopine 
HMW markers 
Homeobox 
Homology degree 
Horseradish peroxidase 
hpt gene 
Human a-cal 
I-Hybrid system 
2-Hybrid system 
3-Hybrid system 
Hybridization (see filter hybridization) 
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HlIll 
H1I4 
HlIll 
HII7 
HlI13 
HlII7 
HlI13, Hl1l5 
HlII6 
HlIl6 
HlII5 
HI/l3 
HlII7 
HlII7 
HlII4 
HlII6 
B1I8 
13/24 
F311 
B6/3 
F1I5 
B4/1O, C2116, C511, 1411, 1417, 14/8 
14/10 
B5/13, N2/4 
1411 
B5/I2, e2/18, N2/5, N217 
C2/I8 
C2119, C2/20 
14110 
C2/I6 
B517-9, C2/I9, C2127 
B5/1, B5/3 
B512, LII7, N2/2 
IlIll, 1lI12 
1411 
14/2 
H311 
H317, N2/I5 
H3/4 
H3/I3 
H3/1O 
H3/1O 
H3/9, N21l6 
H3/l3 
E31l, E3/5 
C51l 
C3/8 
H31l4 
1411 
F1I2 
F3/1, F3/2 
AIIl, C1I2, N3/2 
L417 
E3/4, M1I26 
E3/5, MlIl, M1I26 
MI126 
H5126 



Hybridization membranes 
Hybridization protocol 
Hygromycin 
In vitro transcription 

DNA templates 
Reaction 
RNA Polymerasell-mediated 

In vitro translation 
Indirect end labeling (see also DNA) 
Immunocytocherrristry 

Applications 
Fixation of tissues 

Immunolabeling 
Epifluorescence 
Immunofluorescence 
Immunogold-silver staining (IGSS) 
Fluorochromes 

Types 
Paraffin 
Resins used in 

Acrylic polymer 
LR white 
Methyl acrylate 

Inoculation of plant tissues 
Insertion vectors (see also Lambda vectors) 
in situ hybridization 
Inverse PCR (iPCR) 
IPTG (isopropyl B-D-thiogalactoside) 
Kanamycin 

Ketolactose test 
Klenow 
Klenow fragment 
Lac IQ repressor 
lac Z 
Lac Z 
Lambda vectors 

Lambda DASH 
Lambda EMBL3 
Lambda FIX 
Lambda gt 10 
Lambda gt II 
Lambda gt 18-23 
Lambda ZAP 

Leaf disc transformation 
Lectin, barley 
LexA 
LHCP 
Light rrricroscopy 

Confocal 
Immunolocalization using 

Lipofection 
Liposome 
lox site 
loxP sites 
Luc assays 

F3/14 
F3/16-19 
B6/3, C1I2, C3/2, E3/2, N217, N3/2 
E2/1, E2/2, 12/4, L4/12 
E2/3 
E2/8, E2/9 
E2/12 
J1/4, J1/5 
1317, 13/8 
G3/1, G317 
G3/2 
G317 
G3/I, G3/4, G3/13 
G3/6 
G3/5, G3/15 
G3/1-3, G3/6, G317, G3/14 
G3/1 
G3/2 
G3/10-12 
G3/3 
G3/3 
G3/3, G3/6, G317 
G3/3 
B4/9, B4/10 
HlIl 
G4/1, G5/13 
F4/1, F4/2, F417, F4/8 
F2/4, H5/24, 0114 
B1I8, B4/9, B6/3, ClII, NlI13, 
N217, N2/13 
B3/5 
F6/15 
FlI12, F217, F3/5, F4/1, F4/1O 
F2/4 
C2/2, C2/1O, MI/6 
C2/13 
E3/3, HlII, H1I2 
HI/1 
HlIl 
HI/1 
HlIl 
F2/3, HI/1, H2/1 
F2/1, F2/3 
F2/1, F2/3, HlII, H1I2 
1317 
13/2 
E3/6 
C2/2 
G3/1, G3/2 
G3/2 
G3/2 
A3/2 
A3/1 
N1I2 
E3/3 
C2/27 
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Non-destructive 
Solutions 

Quantitative 
Solutions 

Luciferase assay 
Luminescence 
Luminol 
Luminometer 
Lux F2 assays 

Luminometric 
Solutions 

Non-destructive 
Quantitative 

Solutions 
Lysopine 
Lyticase 
Mannityl opines 
a-Mannosidase 
Mapping 

Of T-DNA insertions 
MARs 
Media 

2xYT medium 
3-AT medium 
4C005K Medium 
50K Medium 
A Medium 
AB Medium 
AHC medium 
Bacterial minimal salts medium (P19) 
Callus Induction Medium 
F-medium 
Germination Medium 
H Medium 
Induction Medium 
Infiltration medium 
K3 Medium 
K3AS medium 
K3Amedium 
K3H Medium 
K4 Medium 
LB Medium 
LB freezing medium 
LB sck Medium 
M9+ Medium 
MGLMedium 
MM (Minimal Medium) 
MS 010 Medium 
MS 0.111 Medium 
MS 104 K Medium 
MS 104 Medium 
MS culture medium 
MS Medium 
MS Morpho Medium 
MS < Oslash < Medium 
MSAR Medium 
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C2/28 
C2129 
C2/27 
C2/28 
B2114, B2115 
C4/2 
F3/2 
C4/4 
C2I20 
B2/14, B2115 
B2/14 
C2/24 
C2/22 
C2/23 
C311, C3/8 
A3/5, A3/9, E3/22 
C3/8 
13124 

K3/5 
D2/1 

MII13 
MlI14 
B6/4 
K3/14 
A 118 
B4/8 
A317 
MlI13 
CII4, C1I5 
N1I21 
C1I6 
AlI8 
B4/8 
B7/13 
AlI8, A3/12 
N3/8 
N3/9 
A3/12 
A 115 
B3/4, B7113, F2/1O, F2113, 0115 
H5/24 
B6/4 
B517 
Bll7 
B3/4 
1318 
13/8 
B6/4 
B6/4, L2116 
NlI22 
AlI8 
A 118 
B6/4 
B2/9-11 



MSNT Agar N31ll 
MSNTS Agar N3/11 
N6 culture medium N1!22 
N6 solid medium N1I22 
N6P solid medium N1I22 
N6-608 solid medium N1!22 
N6-R solid medium N1I22 
N6W solid medium N1I22 
NB Medium B3/S 
NZY HlIl8 
NZY Top Agar HlI18 
Protoplast culture medium N1I21 
Protoplast Isolation Medium 13/16 
Protoplast incubation medium N1I21 
Protoplast Wash Medium 13/17 
Regeneration medium A3/6 
RMM Medium B3/S 
SD medium E3/8, M1!14 
SOC Medium HS/24, fOilS 
SOS Medium H2/14 
Suspension Medium for organello experiments D3/11 
T + + Ca Medium B3/4 
TAP Medium D6/8 
Transformation medium N1I21 
TY Medium B3/4 
Uptake Medium 12/6 
WS medium N3/9 
X-Gal Medium MlI14 
YAPD Medium E3/8 
YEB Medium K31l4 
YEP Medium B1!7, B4/8, BS!7, E3/8 
YMB Medium B3/4 
YPD Medium D2/1S, E3/8, E3/9, M1/13 
YT Medium K3/lS 

Megabase-size DNA isolation from plant HS/4, HS/16 
Megarose H3/12 
Methotrexate B6/3 
Microccocal nuclease 13/1, 13/S 
Microfilaments 0111 
Microprojectile bombardment (see particle bombardment) Nl/19 
Mikimopine C3/8 
Mikimopine lactam C3/8 
Mitochondria 

From Vicia faba 
From Spinach 
Isolation 

solutions 
DNA Isolation 
In vitro targeting of proteins 
In vitro transcription 
In vitro translation 

mob gene 
Monensin 
Movement protein (MP) 
mRNA 
MUG 

12/2 
12/2 
D3/2, D3/3, D3/4, 12/2 
12/4 
D3/6, D3/9 
12/1, 12/S 
12/4 
12/S 
B1I3, B1I4 
13/2 
L4/3 
FS/l 
CS/2 
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~-MU Gluc 
Mung bean nuclease 
Multiplex labeling 
Multiplex sequencing 
NADH cytochrome c reductase 
NBT (nitroblue tetrazolium chloride) 
~eo gene (see npt II gene) 
Nick translation (see also DNA probes labeling) 
IVicotiana tabacum 

Callus induction 
Cell suspensions 
Germination 
Nuclei isolation 
Transfection 
Transformation 
Protoplast isolation 

Ninhydrin 
Nitrocellulose filters 

Blocking 
Screening 

Non-denaturing polyacrylamide gel 
Non-radioactive labeling 
Non-radioactive sequencing 
Nonidet P-40 
Nopaline 
Northern 
Northern blot 

Solutions 
'lpt II gene 
NPTII assays 

Dot blot 
Solutions 

ELISA 
Gel 

Solutions 
Radioactive in situ 

Solutions 
Nuclear localization signal (NLS) 

Characterization 
Identification 

Nuclear run-on transcription 
Nuclear scaffolds (see also SARs) 

Preparation 
Nuclei counting 
Nuclei isolation 

Chromatin structure studies 
Nucleic acid hybridization conditions (see also DNA 

and RNA hybridization) 
Nucleus 
Nylon membranes 
Octopine 
Oligo (dT) 
Opines 

As screenable markers 
Detection 
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C21l6, C21l7 
F41l0 
F3/9 
F3/9 
13124 
F3/5, F3/6, F3/8 

FlIlO, F3/4, F3/5, F31l4, F31l5 
1313 
ClI5 
1313, 13/4, N2/3 
ClI6 
E2I4, E2/5 
L2/9 
A2I9, 13/4, 1315, 1316, 1317, 1319 
E2/4, 1315, 13111, 13/13, 13/15, 131 
17, L2/5, N3/6 
C3/8 
E3/23 
F2/6 
F2/9 
Cll7 
F3/1, F3/2, F3/3 
F3/9 
1313 
C3/l, N2/11 
F5/4, F6/1 
FlIl, F1I5, F1I8, Ll/12 
FlI19 
AliI, ClIl, Nl1l2 
C1I2 
ClIlO 
ClIIl 
C1I2 
C1I6 
C1I9 
C1I8 
C1I9 
E3/6, 14/1, 14/2 
14/10 
14/10 
ElII, EII7 
D2/1 
D2/9 
E1I3 
D217, E1I3, E2/4, E2/5 
1313 

F1I2 
C4/3, E3/2 
FlI9, F3/l4 
C31l, N2/11 
F5/10 
C3/1, C3/2 
C3/1, C3/2 
C3/6 



Electrophoregrams 
Extraction 

Osmium tetroxide 
p-lodophenol 
P2 lysogen restriction deficient strains 
Particle acceleration (see particle bombardment) 
Particle bombardment transformation 

Biological parameters 
Critical variables 
Environmental parameters 
Instruments 

Accell device 
Air-gun apparatus 
Biolistics device 

Helium version 
Microtargeting device 

Microorganisms 
Organelles 
Particle suspensions 
Recalcitrant species 
Transgenic plants 

pat gene 
Pauly's reagent 
PCR 

Components of the reaction 
Custom-PCR (cPCR) 

Reaction mix 
In transformation 
Inverse PCR 'iPCR) 
End-labelling of probes 
Rapid amplification of cDNA ends (RACE) 
Restriction-site PCR (rs-PCR) 
Single Specific Primer PCR (sspPCR) 
Target gene walking PCR 
Transposon screening using 

PEG 
PEG-mediated transformation 

PEG transfection 
Peroxidase 
pET system 
Petunia 
PFGE (Pulse field gel electrophoresis) 
Phage titer estimation 
Phalloidin 
Phenanthrenequinone 
Phleomycin 
Phosphinothricin (Basta) 
Photo biotin 
Phytohemaglutinin 
Piperidine 
Plant cloning vectors (PCV) (see also binary vectors, 

plasmids) 
Plant genome 
Plant genomic libraries (see genomic libraries) 

C3/6 
C3/4 
1312 
F312 
HlIl 

A2/1, Nl/9, Nl1l4, NlI22 
A2/4 
A2/3 
A2/3 
A2/6 
A216, A2/12 
A2/9 
A2/6 
A2/9 
A2110 
A212 
A2/2 
A217 
A21l 
A2I4 
AliI 
C3/8 
F4/l, F412, F5/l, F61l, G4/1, N2118, 
N3/8 
F4/5 
F4111, F4/13-17 
F4/l5 
F4/2, F4/3 
F411, F4/2, F417, F4/8, F4/lO 
12/4 
F417 
F4/8 
F417 
F417, F4/8 
Fl/ll 
A3/3, L4/17 
AliI, Al/2, A1I5, E3/20, Nl/lO, 
N1I2l 
N3/6 
G3/l 
1412 
AliI 
H3/1, H312 
F2/4 
0112 
C317 
C1I3 
B6/3 
F3/4 
1312 
12/12, 13112 

B2/3, B2/4 
HIll, H5/3 
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Plant nuclei 
Plant vacuole (see Vacuole, plant) 
Plasmids (see also Ti Plasrnids, Binary vectors, 

cointegrate vectors) 
GJ23 
pAL4404 
pAP2034 
pBIHCATG 
pBI-770 
pBI-880 
pBI-77 I 
pBI-88I 
pBI784 
pBI786 
pBI12I 
pBINI9 
pBR322 
pCNLI 
pCNL29 
pCNL30 
pCNL35 
pCNL56 
pCNL6S 
pCT153.I 
pEHAlOI 
pEHA105 
pET3b 
pGA482 
pGA492 
pGAH 
pGAH6.R 
pGAHGI 
pGAHR 
pGC4-NP 
pGj28 
pGV3850 
pIGI2IHM 
pKIWIlOS 
pMOGlOI 
pMOG30I 
pMP90RK 
pMSG 
pPCV Vectors 
pPCV70I 
pPHlJl 
pPM90RK 
pREGN 
pRS40S 
pRK2 
pRK20I3 
pRK290 
pRTL2SK-GUS 
pSRI 
pTCIlO 
pTCI29-W 
pTiAch5 
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G517 

B2/3 
BlIS 
BlI3 
N2/3 
MII3 
MI/3 
MlI4 
MlI4 
MII7 
M1I7 
B4/6 
B4/6, B417 
IG/22 
B4/4, B4/6 
B4/4, B4/6 
B4/4, B4/6 
B4/4, B4/6 
B4/5, B4/6 
B4/5, B417 
B2/3 
BlI5 
BlI5 
I4/3 
F4/3, F4/8 
N2/3 
N2/3 
N2/3, N2/5 
N2/3 
N2/3, N2/5 
BlI6 
BII7 
BlI5, BII7, K3/2 
N2/3, N2/5 
B4/6 
BlIS 
BlI5 
BlIS 
B5/4 
B2/4 
B2/5 
B3/3 
B2/3, B2/5, B2/8 
A3/3 
A3/3 
B2/3 
B2/3, B2/5 
B3/3 
14/3 
N211 
E2/3 
E2/3 
BlIS 



pTiB6 
pTiBoS42 
pTiBoS42 < Del> T 
pTiCS8 
pTiT37 
pTGA3S 
pTGA43 
pUC 19-based 
2-J.l,m plasmid 
R64drdll 
Ti plasmid 

PMSF 
Pollen 
Point mutations 
Polyacrylamide 
Polyacrylamide gel 
Poly (dI-dC) 
Poly-L-Iysine 
Poly-L-Omithin 
Polyamines 
Polymeric target site probes 
Polysomes 

RNA 
PPD or AMPPD 
Prey plasmid 
Primer 
Probe labeling 
Profilin 
Protease inhibitor (PI) cocktail 
Protein DNA interactions 
Protein extraction 
Protein engineering 
Protein nuclear import 

GUS assays 
GUS fusion proteins 

Quantitative analysis 
Subcellular localization 

Nuclear localization signal (NLS) 
Protein-protein interactions 
Protein targeting 
Protoplasts 

Electroporation-mediated transformation 
Transformed species 

Gus assay 
Isolation 

Solutions 

PEG-mediated transformation 
Transformed species 
Transient GUS activity 
Yield 

Purification of human platelet 
Profilin of actin from maize pollen 
PVP40 
PVP 

BlIS, B4/3 
BlIS 
B1/S 
BlIS 
B1/S, B4/3, F4110 
L2/4 
L2/4 
Bl17 
N2I1 
BI17, B2/3 
B1I2 
HSII8, 14/6, 0114, 01110 
0111,0112 
M1I24 
F6112 
CS/2, FSII 
12/6 
0112 
AlII 
H2/8, H2113 
F2/2 
DS/8 
DS/8 
F3/6, F317 
M1I4 
FS/1, F6/2 
GSII2 
0111 
01111 
13/1 
E217 
C2/6 
J411 
J411 
J412, J4/S 
J4/8 
J417 
J411, J412, J4110 
E3/6, M1I1 
L411 
HS/4 
AlII 
A 112 
J417, N1111 
D2/S, E2/4, H3/4, HSII7, J3/S, J3/1O, 
J3/11, J3I1S, J3117, L4I1S, N1I4 
02110, E2/S, J3114, J3119, N1I21, 
N3/6 
AliI, AlIS, NlI13, N1I21, N3/6 
A1/2 
A1I7, J3119 
J3113 
0114 
0117 
13/3 
01/8 

17 



Random primed labeling (see also DNA probes 
labeling) 

RAGE (Recombination-activated gene expression) 
RAPD markers 

Applications 
Experimental considerations 
Principle 
Protocols 

RAPDs 
Rapid amplification of cDNA ends (RACE) 
Recognition site probe 
Recombinase (R) gene 
Replacement vectors (see also lambda vectors) 
Reporter genes (see also cat. uidA. lllc. Lux F2. LacZ) 
Restriction Enzymes 

Rare cutters 
Restriction-site PCR (rs-PCR) 
Retrofitting vector 
'Reverse' 2-hydrid selection 
Reverse transcriptase 
Reverse transcription 
RFLP 
RFLP markers 
Rideopine 
Rifampicin 
RNA 

Denaturation 
Isolation 

From Mitochondria 
From Tissues 
Poly (A +) 
Polysomal 
Protein interaction 
Total RNA 

Quality Analysis 
Run-on transcripts 
Stability 
Staining Methods 
Synthesis in isolated nuclei 
Transcription, in vitro 
Translation, in vitro 
Viral vectors 

BMV 
BNYVV 
BSMV 
Expression of genes in 
Genomic maps 
PYX 
TBSV 
TEV 
TMV 

Viruses 
Hosts 

RNA hybridization (in situ) 
Autoradiography 
Embedding of tissues 
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Fllll, F3/4, F3/5, F3/I4 
NIIl4, NlII6 
H41l 
H4/2 
H4/3 
H4/I 
H4/4 
H4/1, H4/3, H4/4 
F417 
F2/2 
N2/2, N2/18 
HlIl 
C2/1, C2/S, E312, NlIl 
F6/3, H3/3 
H3/3 
F4/8 
A3/4 
M1I2I 
F617 
FS/3, F61l 
F6/2 
H4/2, HS/8, HS/9, KIll, KI/2 
C3/8 
B1I8, B4/9 

FlIS 
DS/I, Ll/14 
D3/9 
DS/4 
DS/6 
DS/8 
D6/2, D6/I4 
DSI7 
DS/12 
E1I2 
D61l, D6/8, D6/ll 
FII7 
El/2 
J1/2, J1/3, J2/4 
J1/2, JI/3, J2/4 
JIIl-4, LlI7 
Ll/3, Ll/4 
Ll/3, Ll/4 
Ll/3, L1I4 
Ll/8 
L1I6 
Ll/3, Ll/4 
Ll/3, Ll/4 
Ll/3, Ll/4 
L1I2-4 
LlII, Ll/S 
Ll/S 
Gill, G1I2 
GI/lO 
G1I2, G1I4 



Fixing of Tissues G1I2 
Solutions G1I3 

Hybridization G1I9 
Infiltration of tissues G1I4 
Prehybridization G1I8 
Probe labeling G1I6 

Solutions GI17 
R-RS system N2Il 
Arabiolopsis N217 
Tobacco N2/4 
RNAse treatment GlIlO 
Sectioning of tissues Gl/4 
Staining of tissues Gll11 

RNA polymerase II E1I3, E211, E2112, E2113 
RS element N2/l, N2/4, N2111 
RT-PCR F6/l, G411, L4124 
Run-on transcripts E1I2, El17 
Sl nuclease F4/10 
Saccharomyces cerevisiae E311, N211 

Auxotrophic mutations E311 
Chromosomes H3115 
Dominant markers E312 
HMW markers H3/l4 
Strain AB 1380 H2/3 
Strain CGY 2516 H2/3 

Salmon sperm DNA F2/2, H5/26 
SARs D2/l, D2/2 

Co-suppression D2/3 
Endogenous binding assay D2/8 
Exogenous binding assay D2/8 

Screenable markers (see also opines) C311 
Secretory pathway 1312 
Sephadex G-IOO F3115 
Sephadex G-25 J1/1O 
Sephadex G-75 FlIll 
Sequenase T7 DNA polymerase F3/5 
Sequencing gel F6/3 
Single Specific Primer PCR (sspPCR) F417 
Site-specific recombination system NlIl, N21l, N311 

FLPIFRT NlIl, N211 
R-RS N2/l 

SOS-recruitment system (SRS) E317 
Slot blot (see dot blot) 
Solutions 

ATP solution 01111 
Acetosyringone Stock Solution B517, B5/9 
Alkaline phenol solution B3/8 
BA B2116 
B I Inositol Solution 13/8 
B5 vitamines L2/16, N3110 
BaMg Solution L3/22 
Blocking Solution F211l 
Carbenicillin L2116 
Carrier DNA N3110 
CBB Dstaining Solution F1I21 
CBB Staining Solution F1I2l 
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Cell lysis Solution 
Coomassie Solution 
CTAB 10% 
DTT solution 
Denhardt's solution 
Destaining Solution 
DM 
2,4-dichlorophenoxyacetic acid 
DNA Wash Solution 
Ethidium Bromide Solution 
ESP 
FDA assay Solution 
Ficoll 5% Solution 
Ficoll 9% solution 
Ficoll 10% Solution 
5 ' -FOA medium 
H medium 
Gel Solution 
GTE Solution 
Hybridization Solution 
Kanamycin 
LCB Solution 
LCBF Solution 
Lithium acetate Solution 
Lysis Mix Solution 
4M 
Miniprep Solution 1 
Miniprep Solution II 
MKC 
MKMC-B 
MKS 
MM Solution 
MMM Solution 
MSAR Stock Solutions 
MSV vitarnines 
n-decanal Solution 
NAA 
Neutralization Solution 
NIM Solution 
Nito Blue Tetrasolium Solution (NET) 
NTPMix 
ONPG solution 
Paraformaldehide Fix Solution 
Pauly'S Reagent Stock Solutions 
PBS Solution 
PCB Solution 
PEG Solution 
Percoll Solutions 
Phenol-Chloroform Solution 
Phenylmethyl sulfoxide (PMSF) solution 
Phosphate Saturation Solution 
Poly (dI-de) Solution 
Ponceau S Solution 
Potassium acetate 
Prehybridization Solution 
Proteinase K Stock Solution 
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M1I20 
D6/16 
K3/15 
0115 
O3/S, K3/15 
D6/16 
L2/S 
13/10, L2/6 
HlIl7 
F1I20 
H5/lS 
A3/12 
F3/25 
N1I21 
13126 
M1I25 
A3!12 
D6/13 
H5/25 
E1I9, F31l7 
L2!13, L21l6 
D4/11 
D4/11 
E3/21, MlIl5 
D3/9 
Gil 4 
B3/S 
B3/S 
L2/S 
L2/S 
L2/S 
A3/12 
A 116 
B21l0 
L2/6 
C2/23 
L2/16 
M1I20, M1I21 
E2/6 
F1I22 
EllS, GlIS 
E3/25 
C2/19 
C3/S 
G5/10 
D4!12 
A3!12, E3/21, M11l5, N3/10 
D6/S 
B3/S, H5!15 
0116 
CI/ll 
1217 
FI/22 
H5/25 
E1I9, F1I20, F3/16 
D5.S, EllS 



Protoplasts Enzymes Solution 
RNase Stock Solution 
SCEM 
SE Solution 
Silver developing Solution 
Silver Fix Solution 
SM Solution 
Spectinomycin 
Spermidine-trihydrochloride 
Spinach Protoplast Gradient Solutions 
SSC Solution 
SSPE Solution 
STC 
Sucrose Solution 
4T 
TBE 
TE (high salt) 
TNB 
TNT 
Trace elements solution 
Urea Solution 
W5 Solution 
Wash solution 
X-Gal solution 
Yeast nitrogen base solution 
YPD Solution 
Zymolyase solution 

Southern 
Southern blot 

Solutions 
Southwestern 
SP6 polymerase 
Spectinomycin 
Spheroplast 
Sporamin 
spt gene 
SRS 
Streptavidin 
Streptomycin 
Suspension cell 
Suspension culture 
Taq DNA polymerase 
Target gene walking PCR 
Targeting 
T-DNA (see also Ti plasmids) 

Detection by PCR 
Induced reported gene fusions 
Insertional mutagenesis 
Insertional Tagging 
In A. thaliana 
Isolation of dominant mutations 
Isolation of genes 

Complementation analysis 
Transcriptional analysis 

T-DNA gene fusion vectors 

A1I5, 02/10, 13/14, N3/10 
Dl/8 
A3/6 
H3/15 
F1I22 
F1I21 
H3/15 
L2/13 
H5114 
D4/9 
ElIlO, H5126 
E1I9, FI/20, H5/26, K3/15 
A3/6 
H3/6 
G5/14 
K3/I5 
K31l5 
G5/14 
G51l4 
D6/8 
E2/10 
A1I6, A3/12, 13122, L2/8 
N3111 
C2/15, E3/23, MIIl7 
A3J7 
A3/6, H3/15 
M1I20 
F6/15 
FlIl-4, F31l2, H3/13 
FIIl9 
FlIl 
J1/I 
B1I8, C1I3 
A3/5, A3/6, E3/22, H51l 
13/2 
CI/4 
E3J7 
F3/4, F3/9, F4/8, G4/6 
B1I8, C1I3 
L4/14, Nl/IO 
Nl/9 
F4/1, F4/2, F4111, F5/17, F6/9, G4/2 
F4J7, F4/8 
C4/2 
BlII, B1/2, B4/2, B51l, B512, NIJ7, 
N2111 
F4/2 
B2113 
B2112 
B2/16, B2117, K3/1 
K3/1 
B2/l6 
B2/17, K3/3 
B2/l9 
B21l9 
B2/2 
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T3 RNA poymerase 
T4 nuclease 
T7 promoter 
T7 promoter rector pMWI72 
T7 RNA polymerase 
TBP-2 protein 
TC7 gene promoter 
TEMED 
Tetracycline 
TGAIa protein 
Thermocyclers (see also RAPDs) 
Thermolysine 
Thermus aquaticus 
Thylakoid 
Ti plasmids (see also plasmids) 

Border repeat sequences 
Helper 
T-DNA 
vir genes 

Tm 
Tobacco (see also Nicotiana tabacum) 
Tobamovirus 
Tonoplast 
Top agar 
Trans-acting factors 
Transcription activation domain 
Transcription factors 

Systems for overexpression 
extraction 

Transcriptional regulation 
Transformation 

Agrobacterium-mediated 
Tobacco 

Arabidopsis thaliana 
By electroporation 
By particle bombardment 
Intact cells 
Of E. coli 
Of Maize 
Of microorganisms 
Of organelles 
PEG-mediated 
Plant explants 
Recalcitrant species 
Rice 
Stable 
Tobacco 
Transient 
Use of PCR in 
Using caulimovirus 
Using geminivirus 
TGMV-based vectors 
Using RNA viral vectors 
Transient expression 
With embryos 

Transfection 
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1111, JI/3 
F41l0 
14/2 
0114 
14/2, JI/I, JI/3 
14/2 
E2/I, E212 
FIII4, 1117 
BlI8 
14/2, 14/3 
H4/3 
11111 
F4/1 
11112 
BI/2, B1I5, B4/2, B4/3 
B4/2 
BlI5 
B4/2, B51l 
B4/2, B5/1 
FII2 
AlII 
L4/1 
13125 
HlII8 
1411 
E3/6 
E3/I, 1411 
14/2, 14/4, 14/5 
14/4, 14/5 
1411 
AliI, C417, H5124 
BIll 
1316 
A2/9, B2/9, B2111, K317 
A1I3, H5/8, H5/24 
A2/I, NIIl4 
A1I3, AlIll 
H5/25, K3111, MlI21 
NIIl4, NlII9 
A212 
A2/2 
AlII, A1I2, NIIlO, N3/6 
B6/2 
B4/1 
A2/12 
AI/3, NlII9 
A21l0 
A1I3, NIIlO 
F4/2, F4/3 
L3/1 
L21l 
L21l7 
LlIi 
LIII 
AlII2 
L41l7 



PEG transfection 
Transgenic plants 
Transposons 

AcIDs family 
Ac element 
Activity 
Delivery using T-DNA 
Ds member 
Endogenous 
Gene tagging by (see also gene tagging) 

Frequencies 
Non-targeted (random) 
RFLP analysis 
Targeted 

Genetic instability caused by 
Induced mutation frequency 
Mediated cloning 
P element 
Screening using PCR 
Trapping 
Transposition pattern 

Triparental mating 
Triton X-IOO 
Tunicamycin 
Vacuole, plant 

Delivery of proteins to 
Reporter proteins 

Isolation 
Markers 
Protein targeting 

Transformation 
Transient expression experiments 

Protein transport inhibitors 
Targeting signals 

Viral vectors 
Caulimovirus 
CaMV 

Construction of 
Plant infection using 
Vector plasmid 

BMV 
BNYVV 
BSMV 
Coat protein-fusion 
Dual subgenomic promoter 
Expression of genes in RNA 
Geminivirus 
Genomic maps 
pBGC261 
p30BRbz 
PTTOIA 
PYX 
TBSV 
TEV 
TGMV 

N3/6 
A2/4, C4/2, C5/2 
Kill, KlI2, KI/IO, K2/I, K2/2, 
NII7,N311 
K2/1 
K2/I, NII7 
K2/4 
K2/1O 
K2/2, NlI7 
Kl/I 
KlII, K211, K2/2 
KlI6 
KlIl, KlI4, KlI8, K2/3, K2/12 
KlII2 
Kill, KlI3, KlI5, KlI9, KlIll 
KlI2 
K2/2, K2/5, K2/6 
KlII, KlI13, KI/14 
B211 
KlIll 
KIIIO 
K2/4, K2/6 
BI/4, BlI8, BlI9 
ElI2, H5/15, N217 
13/2 
1311 
13/1 
13/2 
13/5, 13/23, 13/25 
13/24 
1311 
13/4, 13/5, 13/6, 1317 
13/5 
13/2 
13/1 
LlII, L2/1, L311 
L311 
L3/2, L3/3 
L3/5 
L3/8 
L317 
Ll/3, Ll/4 
LV3, LlI4, L3/2 
Ll/3, Ll/4 
L4/3, L4/5 
L4/3, L4/6 
Ll/8 
L2/I, L2/3 
Ll/6 
L4/5 
L4/5 
L4/5 
Ll/3, Ll/4 
Ll/3, Ll/4 
Ll/3, Ll/4 
L2/3, L2117 
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Production of transformants using 
TMV 
Transient expression vectors 

VIruses 
DNA 

Badnavirus 
Caulimovirus 

CaMV 
Genome organization 
Isolates 
ORFs 

Geminivirus 
ACMV 
BCTV 
MSV 
TGMV 
WDV 

Herpes simplex virus 
Purification 
RNA 

Hosts 
TMV 

VirE2 
vir genes 

Induction 
VP16 
Western blot 

Antibody production 
Chemilumenescent detection 
Solutions 

X Gal 
Histochemical staining 

YAC libraries 
Characterization 
Construction of Plant 

Complementation 
CHEF gel separation 
DNA transfer 
HMW DNA isolation 
Ligation 
Partial Digestion 
Size selection 
Spheroplast preparation 
Vectors 
Yeast Transformation 
Recipies 

Screening 
Storage 

YAC vectors 
pYAC4 
pCGS966 

Yeast 2-hybrid system 
Yeast 

One-hybrid screening protocol 
Two-hybrid screening protocol 
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L2117 
Ll/2-4 
L4/1 
Ll/2, Ll/3, L3/4, L4/3, L4/4 
Ll/2 
L311 
L311 
L3/2, L3/3 
L3/6 
L3IS 
L3/2, L3/3, L3/6 
L2Il 
L211 
L2/l 
L2l 
L2/l 
L2/l 
E3/4 
L4119 
LlIl, Ll/S 
Ll/S 
L4/l, L4/2 
14/8,14/10 
BlIS, BS/1 
B41S 
E3/3, E3/6 
FlI1, Fl/13, FlI17, FII19, 14/14, 
14/16 
14/14 
14116 
Fl/21 
C2114, E3/2, E3/23 
C2114 
H211 
h2/9 
H2/3 
A3/2 
H2/6 
A311, A3/2 
H2/4 
H2/6 
H2/4 
H217 
H217 
H2/3 
E3/20, H2/8 
H2112-lS 
H2/9 
H2/9 
H211, HS/l, HSI4 
H2/l, H2/3 
H2/3 
MlIl 

E3/9 
E3112 



Target site screening protocol 
LiAc-mediated transformation of yeast 
Plasmid isolation from yeast 
Filter assay for J3-galactosidase activity 
Quantitative J3-galactosidase assay 

Integrative vectors (YIp) 
Non-integrative vector S 

Centromere vector (YCp) 
Episomal vector (YEp) 

Promoters 
Strain Y187 
Bait vector pOBT9 
CDNA library vector pACTII 
Strain CO 1945 
Reporter library lli1S3B 

AHIS3BS 
Strain YPH500 

Zygosaccharomyces rouxii 
Zea mays 
Zinc-finger 

E3/16 
E3/20 
E3122 
E3123 
E3/24 
E3/2 
E3/2 
E3/2 
E312 
E3/3 
E3/9, E3/14 
E3/12 
E3/12 
E3/12 
E3/16 
E3/16 
E3/16 
N2/1 
K3/1 
14/1 

25 
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