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In the nematode Caenorhabditis
elegans, gene expression patterns are
most often determined by generating a
fusion of the promoter of the gene un-
der study to a reporter gene such as
lacZ or gfp (3,4,7,8,11). Of the almost
20 000 genes in the worm, the spatial
expression pattern of only a few hun-
dred genes has been determined (http://
www.wormbase.org). If the reporter
gene is fused to the full coding se-
quence of the gene under study, one can
also obtain useful hints about the sub-
cellular localization of the protein.
Apart from revealing potential clues
about the gene under study, reporter
gene fusions serve as invaluable mark-
ers to assess the fate of individual cells
in defined mutant backgrounds (1,13).
The computational comparison of the
promoter sequences of large numbers
of co-expressed genes will also lead to
a better understanding of the underly-
ing logic of transcriptional control (14).
Hence, the availability of a large num-
ber of reporter genes that provide gene
expression information with temporal
and spatial resolution is of significant
interest in the post-genome era. A
method to rapidly create reporter gene
fusions on a large scale would thus be a
desirable tool to have at hand.

All current methods for generating
reporter gene fusions encompass time-
consuming DNA subcloning and DNA
purification protocols (3,4,8,11). Here a
protocol is described to create gfp fu-
sion constructs that are ready for injec-
tion into the C. elegans gonad within
one day, with no need for subcloning
procedures. The protocol is a modified
version of previously described PCR-
based fusions of overlapping DNA
fragments (9,12) and is schematically
outlined in Figure 1. The protocol en-
tails a reaction in which two primary
PCR products (Figure 1, product nos. 1
and 2) are fused by PCR with a set of

nested primers. In PCR no. 1, the pro-
moter (or the complete gene) under
study is amplified from worm genomic
DNA that was prepared by digestion
with 60 µg/mL proteinase K (1 h lysis
at 65ºC; 15 min at 95ºC inactivation;
reaction buffer: 10 mM Tris-HCl, pH
8.2, 50 mM KCl, 2.5 mM MgCl2,
0.45% Nonidet P-40, 0.45% Tween

20, 0.01% gelatin) or, alternatively and
often more efficiently, from a prepara-
tion of cosmid DNA. In the parallel
PCR no. 2, the gfp coding sequence
plus the generically used 3′ untranslat-
ed region (UTR) from the unc-54 gene
are amplified from the standard Fire
vector pPD95.75 (http://www.ci-
wemb.edu/pages/firelab.html) (4).

The 3′ primer for the promoter/gene
(Figure 1, termed “B”) has a 24-nu-
cleotide overhang to the gfp vector
pPD95.75. If product no. 1 contains the
coding region of the gene of interest,
then it is important to ensure with
primer B that the gfp is fused in frame
to the gene of interest. Primer “C” does
not need to have an overlap to the spe-
cific promoter/gene to be amplified,
thus making C a generic primer that
can be used for every fusion reaction.

Gel purification of the two primary
products was often found to inhibit the

fusion PCR for unknown reasons. The
two primary products are thus used
with no further purification for the fu-
sion PCR, which further speeds up the
whole process. The concentration of
the product # 1 and # 2 is roughly esti-
mated by agarose gel electrophoresis,
and an aliquot of the reaction is then di-
luted with water to 10–50 ng/µL each
product. In case the yield of the PCR
product is less than 10 ng/µL, it can
also be used undiluted; we have even
encountered cases in which the first
PCR product was invisible on a gel and,
nevertheless, obtained a fusion product.
After this estimation and dilution step,
1 µL each diluted (or undiluted) reac-
tion is used in the fusion PCR. For this
reaction, it is obligatory to use nested
primers (Figure 1, A* and D*). 

Although in most cases one will get
a single band from the PCR fusion, an-
other band can occasionally be seen,
possibly a gfp dimer; sometimes this
additional band may be much stronger
than the desired PCR fusion product.
This band can be ignored and consid-
ered as some sort of “carrier DNA” for
the ensuing microinjection into the
worms. The concentration of product
no. 3 is estimated by agarose gel elec-
trophoresis, and the reaction is diluted
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Figure 1. Outline of fusion PCR protocol. The templates are worm genomic DNA (PCR # 1) and the
Fire vector pPD95.75 (PCR # 2). Note that the fusion can be made to either the coding sequence of the
gene (i.e., translational fusion) or only to the promoter of the gene (i.e., transcriptional fusion). The PCR
conditions are: template concentrations, approximately 1 ng/50 µL reaction; primer concentration, 0.3
µM; and nucleotide concentration, 0.2 mM. The primer sequences are: A, 5′ upstream, 20–25 nucleotides
long; A*, nested to A (3–10 bp downstream of A); B, spanning 20–24 nucleotides of the end of the gene
to fuse + 24 nucleotides of gfp vector pPD95.75 (i.e., the sequence of the PLUS strand, 5′-AGCTTG-
CATGCCTGCAGGTCGACT-3′). For example, if the 3′ end of the gene/promoter has the PLUS strand
sequence “5′-AGAGAGAGAGAGAGAGAGAGAG-3′”, the whole primer B would be “5′-AGTCGAC-
CTGCAGGCATGCAAGCTCTCTCTCTCTCTCTCTCTCTCT-3′”. C, polylinker beginning of
pPD95.75, 5′-AGCTTGCATGCCTGCAGGTCGACT-3′; D, at the end of unc-54 3′ UTR, 5′-AAGGGC-
CCGTACGGCCGACTAGTAGG-3′; D*, closely nested to D, 5′-GGAAACAGTTATGTTTGGTATAT
TGGG-3′.



with water to a final concentration of
20–50 ng/µL. The diluted reaction is
then directly injected into the C. ele-
gans gonad with no further purifica-
tion. The DNA is injected either in
wild-type N2 animals using rol-6 as an
injection marker at 100 ng/µL concen-
tration (10) or into pha-1(e1213)ts us-
ing pBX as an injection marker at 100
ng/µL concentration (5). Notably, nei-
ther of these injection marker DNAs
has any sort of sequence overlap to the
co-injected PCR product, yet co-segre-
gation of the injected DNAs has always
been found in stable transgenic lines.

For all of these reactions, we used a
Taq/Pwo DNA polymerase mixture that
is provided in the Expand Long Tem-
plate PCR System (Roche Applied Sci-
ence, Indianapolis, IN, USA). Buffer
no. 2 provided in the Expand System
(final MgCl2 concentration: 2.25 mM)
together with the PCR program that the
manufacturer recommends was found
to work in most cases. We typically use
a 4-kb promoter but have also had suc-
cess with pieces greater than 10 kb.

Provided that PCR # 1 worked, the
fusion PCR never failed. In our experi-
ence with more than 50 constructs so
far (2,6) (data not shown), we never had

problems getting transgenic C. elegans
lines and, in greater than 95% of the
cases, got clearly discernible gfp ex-
pression. Although rarely found to be a
problem, the only significant obstacle
in this protocol is getting the long-
range PCR # 1 to work. In addition to
the obvious candidates of PCR condi-
tions (annealing temperature and reac-
tion buffer), the key parameters to trou-
ble-shoot are the template [either
prepare a fresh genomic DNA or re-
quest genomic DNA in cosmid clones
(available at the Wellcome Trust
Sanger Centre, Cambridge, UK)] and
the change of PCR primer sequence.
Since the location of primer A does not
need to be fixed, it can be moved a few
dozen base pairs.

As with every PCR application, the
final product could contain sequence
errors. Since the product is not sub-
cloned but rather consists of a mixture
of PCR products that form multicopy
arrays in the nucleus (10), errors may
only become relevant if they occur very
early in the amplification procedure.
The presence of the proofreading Pwo
DNA polymerase should also lead to a
minimization of potential sequence er-
rors. Finally, the relatively low infor-

mation content (i.e., transcription factor
binding sites) of 5′ upstream regions
suggests a comparatively low potential
impact of single-sequence errors.

A rather standard technique, the fu-
sion of two overlapping DNA frag-
ments by PCR (9,12) has been adapted
to create reporter gene fusions from ge-
nomic worm DNA that can form stable
extrachromosomal arrays in transgenic
worms. In principle, the scope of this
technique can be widened in different
ways. PCR fusions could be generated
based on three primary products, for
example, if one wants to insert gfp
within a genomic locus (product # 1 =
promoter + first part of the coding re-
gion + overlap to gfp; product # 2, gfp;
and product # 3, overlap to gfp + sec-
ond part of the coding region + 3′ UTR
of the gene of interest). In addition to
reporter gene fusions, the technique can
be used to express chimeric proteins or
to misexpress a gene under the control
of a heterologous promoter (i.e., the gfp
part in product no. 2 is replaced by the
gene to be misexpressed), which would
allow, because of the ease of the tech-
nique, to conduct large-scale misex-
pression screens for genes that confer a
specific phenotype on a given cell.
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Partial Heat Denatura-
tion Step during Reverse
Transcription and PCR
Screening Yields Full-
Length 5´-cDNAs
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RNA secondary and tertiary struc-
tures, such as hairpins, stem-loop struc-
tures, or even more complicated
arrangements like bifurcations and
triple-helical elements, play an impor-
tant role in mRNA stability, RNA pro-
cessing, and translation efficiency (5).
The stability of some of these structural
elements often compromises the syn-
thesis of full-length cDNAs (Figure 1).
This report describes an intermediate
partial heat denaturation step during re-
verse transcription, followed by the ad-
dition of fresh enzyme, which over-
comes the problem of reverse
transcriptase stoppage. This step is per-
formed at 85°C, which does not allow
the perfectly matching RNA-DNA hy-
brids to denature, whereas potential
RNA secondary structures are more
likely to melt (Figure 1D). Utilizing
this protocol, markedly more full-
length cDNAs were recovered com-
pared to other approaches that aim to
overcome RNA secondary structures,
such as those that use (i) the ther-
mostable rTh DNA polymerase (Perkin
Elmer, Weiterstadt, Germany) that al-
lows reverse transcription of mRNAs at
68°C, or (ii) performing reverse tran-
scription at 55°C with non-ther-
mostable reverse transcriptases as rec-
ommended by the supplier, and (iii) the
addition of DMSO [e.g., Moloney
murine leukemia virus (MMLV) re-
verse transcriptase; usage information
sheet, Promega, Madison, WI, USA].
The procedure was also successfully
applied to primer extension analysis.
Furthermore, a rapid PCR screening
protocol is described for plasmids con-
taining long inserts, allowing the char-
acterization of full length 5′-cDNAs
from total RNA within three days. This
method was found to be extremely use-
ful for the detection of low-abundance,
full-length cDNA fragments in a pool
of shorter fragments, which is a fre-

quently encountered occurrence when
RNA integrity is compromised (i.e.,
when no fresh tissues are available for
RNA preparation) or if the target
mRNA is transcribed at low levels in
the analyzed tissue.

The partial heat denaturation
method was successfully applied to
clone a variety of cDNAs from differ-
ent genes. Here, the described studies
focused on the isolation of complete 5′-
cDNAs of cytochrome c oxidase sub-
units from two species. In several cases
in the past, the synthesis of full-length
sequences failed because of an unusu-
ally high G/C content in the 5′-region,
which probably led to unusually stable
mRNA secondary structures. Using the
thermostable rTth DNA polymerase,
MMLV reverse transcriptase (AGS,
Heidelberg, Germany) and the Super-
Script II reverse transcriptase (Invit-
rogen, Carlsbad, CA, USA) yielded
similar unsatisfactory results in the cru-
cial reverse transcription step using
standard protocols. 

To obtain full-length cDNA se-
quences, 3′-rapid amplification of
cDNA ends (RACE) PCR was first per-
formed as described by Frohman (2),
followed by an optimized 5′-RACE
protocol, which is described here. In
brief, 3′-RACE PCR utilized a dT17-
tailed oligonucleotide, QT-primer (5′-
CCAGTGAGCAGAGTGACGAG-
GACTCGAGCTCAAGC[T]17-3′), to
prime the total cDNA first-strand syn-
thesis, either starting from 5 µg total
RNA or 1 µg mRNA. The protocol was
identical to the 5′ reverse transcription
reaction described below [except that
the QT-primer is used instead of gene
specific primer 1 (GSP1) to prime the
cDNA first-strand synthesis]. The ap-
pended sequence of the QT-primer al-
lowed the utilization of specific primers
Qouter (5´-CCAGTGAGCAGAGTGA
CG-3´) and Qinner (5′-GAGGACTC-
GAGCTCAAGC-3′) in subsequent
outer and nested PCR amplifications.
The 3′-cDNAs were obtained by
screening the total cDNA population
with a first degenerate primer (e.g., de-
rived from an amino acid sequence or a
conserved region from known se-
quences of other species) using Qouter
as counter primer in a standard 50-µL
reaction. A nested PCR was performed
similarly to increase specificity, using 1
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