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ABSTRACT

Genetic transformation of most insect
systems requires dominant-acting markers
that do not depend on reverting a mutant
phenotype in a host strain, and for this pur-
pose GFP has proven to be useful in several
insect orders. However, detection of multiple
transgenes and reporters for gene expres-
sion requires the development of new visible
markers that can be unambiguously detect-
ed when co-expressed with GFP. The DsRed
fluorescent protein has spectral characteris-
tics that are most distinct from GFP and
GFP variants, and we have explored the use
of DsRed as a selectable marker for piggy-
Bac transformation in Drosophila melano-
gaster and its use as a reporter when co-ex-
pressed with GFP. Transformants marked
with polyubiquitin-regulated DsRedl were
detected throughout development at a rela-
tively high frequency, and they exhibited
brighter fluorescence than transformants
marked with EGFP. The use of a Texas Red®
filter set eliminated detection of EGFP fluo-
rescence and autofluorescence, and DsRed
expressed from a reporter construct could be
unambiguously detected when co-expressed
with EGFP. DsRed should prove to be a
highly efficient marker system for the selec-
tion of transformant insects and as a re-
porter in gene expression studies.

INTRODUCTION

Germ-line transformation typically
requires efficient marker systems for the
identification and selection of trans-
formed organisms. For some insects,
and for Drosophila melanogaster in
particular, this has been achieved by the
complemention or “mutant-rescue” of
eye-color mutants with their respective
wild-type allele (19). The primary
drawbacks of using a mutant-rescue ap-
proach is that only mutant strains can be
used as recipient hosts, transformants
must be individually selected, and, for
some markers, position-effect variega-
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tion/suppression of the wild-type phe-
notype can make detection difficult (9).
Efforts to overcome these drawbacks
first utilized dominant-acting genes that
could confer resistance to chemicals or
drugs (2,20), though these are cumber-
some, pose some safety risks, and are
often unreliable, owing to selection of
insects having natural resistance.

The development of transformation
vector systems for non-drosophilid in-
sects has made the need for non-mu-
tant-based selections a high priority.
Though mutant-rescue is possible for
some species (often using the
Drosophila wild-type gene ortholog as
a marker), most species have neither
mutant strains nor the cloned wild al-
lele available (19). Several groups have
addressed this problem by developing
green fluorescent protein (GFP)-based
markers (6,18). Using a variety of regu-
latory promoters with several GFP vari-
ants, markers have been created for
Diptera (9,10,12,17), Lepidoptera (16,
21), and Coleoptera (3). Detection of
enhanced GFP (EGFP) is less suscepti-
ble to position effect suppression than
eye-color markers, and it appears to be
highly stable, though one drawback is
that it shares spectral characteristics
with autofluorescing molecules in in-
sects that are not easily filtered. As
gene transfer technology advances in
insects, additional markers will also be-
come a necessity for tracking multiple
transgenes and for use as reporters for
gene expression. Some of these may be
provided by the GFP variants that emit
blue, yellow, and cyan fluorescence:
however, overlapping emission spectra
cause difficulty in making clear distinc-
tions between some of them. This may
be alleviated by a new fluorescent pro-
tein, DsRed, discovered in the coral,
Discosoma striata (15). This emits red
fluorescence that is spectrally distinct
from GFP and GFP variants.

To determine if DsRed could be an
effective transformation marker in in-
sects and to compare its use to EGFP,
we created a vector having DsRed un-
der polyubiquitin promoter regulation
placed into the piggyBac transposon.
To detemine if DsRed could act as an
efficient reporter in an EGFP back-
ground, we tested it in the GAL4 tran-
scriptional activation system. In D.
melanogaster transformants, DsRed

expression appears to be effective as a
primary transformation selection and as
a reporter gene.

MATERIALS AND METHODS

Insect Strains and Rearing

The D. melanogaster white strain
w[m] and transformant progeny were
maintained at 23°C-25°C on standard
cornmeal-yeast-molasses media.

Plasmids

The pB[PUbDsRed1] piggyBac vec-
tor marked with polyubiquitin-regulated
DsRedl1 (15) was created by isolating
the polyubiquitin promoter (14) as an
EcoRI-BamHI fragment from PUbnls-
GFP (8) and ligating it into the the
EcoRI-BglIl N-terminal cloning site of
pDs-Red1-N1 (Clontech Laboratories,
Palo Alto, CA, USA), creating pPUb-
DsRedl. The polyubiquitin-DsRedl
gene was isolated as a Bg/II-Not frag-
ment that was used to replace the
PUbnIsEGFP-1 marker cassette within
the BglII-Notl site of pB[PUbnIsEGFP]
(9). Construction of the hsp70-regulated
transposase helper, phspBac, was de-

Figure 1. Expression of DsRed during develop-
ment in D. melanogaster individuals trans-
formed with the pB[PUbDsRed1] vector. De-
velopmental stages include (a) third instar larva,
(b) late stage pupa, and (c) adulthood.
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scribed previously (9).

The pB[hsp-GAL4, EGFP] vector
was created by ligating the hsp70-
GAL4 cassette, from pF89 (5) as a
BgllI-Stul fragment, into the Bg/II and
blunted BszBI site of pB[PUbnlsEGFP].
The pB[UAS-DsRedl, EGFP] vector
was created by isolating DsRed1 from
pDsRed1-N1 as a BamHI/Notl frag-
ment and ligating it into the Bg/II/Notl
sites of pUAST (4) to create pUAS-
DsRedl. The UAS-DsRed]1 fragment
from pUAS-DsRed1 was then isolated
as a BamHI fragment and ligated into
the Bg/II site of pB[PUbnlsEGFP].

Insect Transformation

Embryo injections used standard pro-
cedures (9) with G, adults backcrossed
to w[m] flies in small groups of four Gys
to four to eight w(m] flies of the oppo-
site sex. G eggs were collected for two

weeks and reared under standard condi-
tions. Transformants were initially de-
tected by DsRed fluorescence in G lar-
vae and pupae and verified by Southern
DNA hybridization. Vector DNA was
detected in transformant lines in inde-
pendent hybridizations using either pig-
gyBac or DsRed DNA as probe.

GAL4-Dependent Expression

D. melanogaster transformed with
the pBlhsp-Gal4, EGFP] and pB[UAS-
DsRed1, EGFP] vectors were inbred as
single pair matings for successive gen-
erations until all progeny expressed the
EGFP marker and were considered to
be homozygous. Adult flies from the
hsp-Gal4 and UAS-DsRed] lines were
intermated, and their progeny subjected
to heat shock at 37°C for 1 h at indicat-
ed times. DsRed expression was moni-
tored at daily intervals.

Figure 2. Comparison of fluorescent protein expression from digital images of D. melanogaster
adults transformed with the DsRed1 or EGFP marker. An aduit transformed with pB[PUbDsRed1]
under (a) brightfield, (c) fluorescense (Texas Red filter set) with an automatic exposure setting (red,
1.071 s; green, 1.602 s; and blue, 17.085 s), and (e) fluorescense (Texas Red filter set) with a user-de-
fined exposure (auto-setting for EGFP transformant; see Figure 2f). An adult transformed with
pB[PUBnISEGFP] under (b) brightfield, (d) fluorescense (FITC/GFP filter set) with a user-defined ex-
posure (auto-setting for DsRed! transformant; see Figure 2¢), and (f) fluorescense (FITC/GFP filter set)
with an automatic exposure setting (red, 2.53 s; green, 3.998 s; and blue, 40.365 s).
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Fluorescent Protein Expression

DsRed and EGFP were observed at
various developmental stages from
transgenic insects having single inte-
grations as determined by Southern
analysis. Fluorescence was observed
under a Leica MZ FLIII stereozoom
fluorescent microscope using a mer-
cury lamp and appropriate filter sets
(Chroma Technology, Brattleboro, VT,
USA). For DsRed detection the HQ
Texas Red® set no. 41004 was used,
having the following filters: exciter
HQ560/55x, dichroic Q595LP, and
emission HQ645/75m. For EGFP de-
tection, the FITC/RSGFP LP emission
set no. HQ 41012 was used, having the
following filters: exciter HQ480/40,
dichroic QS505LP, and emission
HQS10LP. Digital images were ob-
tained with a SPOT-1 cooled CCD
camera (Diagnostic Instruments, Ster-
ling Heights, MI, USA) and captured

- with Adobe® Photoshop® 4.0 software.

For comparison of fluorescent protein
expression, automatic exposures were
calculated, and images were taken for
each protein from a transformed adult
using the appropriate filter set. These
settings were also used as a user-de-
fined exposure for the other protein.

RESULTS

pB[PUbDsRed1] Transformation

The DsRedl gene was tested as a
marker in transgenic insects by placing
it under polyubiquitin promoter regula-
tion and integrating it into the D.
melanogaster genome by piggyBac
transformation. Transformants were
detected in 26 independent group mat-
ings of G adults, yielding an approxi-
mate transformation frequency of 25%.
Southern hybridization of nine of the
transformant lines indicated two vector
integrations in one line, with single in-
tegrations in the eight others.

Transformed G, Drosophila were
initially detected by red fluorescence as
larvae, pupae, and adults within glass
vials. Fluorescence throughout devel-
opment and in most tissues was verified
by examination of individual transgenic
flies (Figure 1), which is consistent
with normal polyubiquitin promoter
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function (14), and GFP fluorescence in
Drosophila transformed with GFP
markers regulated by the same promot-
er (8,9). To compare the efficacy of the
EGFP and DsRed markers in trans-
genic flies, we compared fluorescence
from adult flies having a single integra-
tion of either the pB[PUbDsRed1] vec-
tor or the pB[PUbnIsEGFP] vector
from a previous experiment (9). Sub-
jective comparison by visual inspection
of transformed adult flies from several
transgenic lines indicated that the
DsRed fluorescence was consistently
brighter than EGFP and especially at
lower magnifications where EGFP
could be barely detected. For an objec-
tive observation, digital images were
taken for both markers using the auto-
matic exposure setting for each fluores-
cent protein, which was then used as a
user-defined exposure for the other pro-
tein. The automatic exposure setting for
DsRed (Figure 2c) barely detected
EGFP (Figure 2d), while the automatic
exposure setting for EGFP (Figure 2f)
resulted in an overexposure of DsRed
(Figure 2e). This is reflected in a more
than doubling of the automatic red,
green, and blue exposures for GFP rela-
tive to DsRed. Thus, for the transgenic
Drosophila examined, fluorescence
from DsRed appears to be significantly
more intense than for EGFP.

DsRed was detected using a Texas
Red filter, while Clontech Laboratories
(7) advises using filters normally used
for rhodamine or propidium iodide. As
noted by Clontech Laboratories (7), de-
tection of DsRed should be less suscep-
tible to autofluorescence because it
emits outside the range of most types of
natural fluorescence. We verified the
difference in detection of interfering
autofluorescence and other fluorescent
proteins having overlapping emission
spectra by comparing Drosophila trans-
formed with DsRed, EGFP, and non-
transformed  pupae  under the
FITC/GFP and Texas Red filter sets
(Figure 3A). Under the FITC/GFP fil-
ter, the EGFP transformed pupa ap-
peared bright green, the DsRed pupa
was pink-orange, and the non-trans-
formed pupa emitted detectable yellow
autofluoresence from its pupal case. In
contrast, under the Texas Red filter, the
DsRed pupa was bright red, with only
barely detectable fluorescence from the

EGFP and non-transformed pupae. Red
autofluorescense was more apparent
only at higher magnification.

DsRed Reporter Gene Expression

The use of DsRed as a reporter in an
EGFP background was tested in the
yeast GAL4/UAS transcriptional acti-
vation system (5) with DsRed! linked
to the UAS enhancer and Gal4 under
hsp70 promoter regulation. The pB-
[UAS-DsRed1, EGFP] and pB[hsp70-
Gal4, EGFP] vector constructs were
transformed independently into the D.
melanogaster wlm] strain with trans-
formants selected by GFP expression
(Figure 3B-a). Flies homozygous for
the respective transgenes were inter-
mated, with their progeny subjected to
heat shock as larvae or pupae. DsRed
expression was first detected in pharate
adult pupae one day after two daily heat
shocks (two days after the first heat
shock; Figure 3B-b).

DISCUSSION

The DsRed fluorescent protein was
shown to be an effective marker for the
selection of transformants in D. melano-
gaster and as a reporter for gene expres-
sion in the same species. Transformants
having DsRed1 under polyubiquitin pro-
moter regulation within a piggyBac
transformation vector were detected at a
relatively high frequency and could be
observed as G; larval progeny within
vials. The DsRed! gene is optimized for
mammalian codon usage, but as with the
similarly optimized EGFP gene (22), ex-
pression in insect tissue apparently was
not compromised. Under the same expo-
sure settings, fluorescence from a
DsRed] transformant was visibly more
intense than that from an EGFP transfor-
mant, and this generally held true for all
the lines compared. Our general obser-
vations indicate that DsRed is a more ef-
fective marker than EGFP, which is con-
sistent with the suggestion by Clontech

FITC/GFP

Texas Red

Figure 3. Fluorescent protein expression from D. melanogaster pupae. (A) Comparison of fluorescent
protein expression and autofluorescence in D. melanogaster pupae transformed with the pB[PUbDsRed1]
vector (a and d), the pB[PUbnIsEGFP] vector (b and e), and from the non-transformed w[m] strain (c and
f). Digital images of fluorescent pupae were taken with a FITC/GFP (a—) or Texas Red (d—f) filter set. (B)
Expression of fluorescent proteins in pupal progeny from the parental mating of flies transformed with
pB[UAS-DsRed1, EGFP] and pB[hsp-Gal4, EGFP] after two daily heat shocks at 37°C. The EGFP trans-
formation marker is detected with a FITC/GFP filter set (a), and expression of the DsRed reporter gene in
response to heat shock is detected with a Texas Red filter set (b). The transformed pupa is on the top, and a

non-transformed pupa is on the bottom.
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Laboratories (7) that DsRed fluores-
cence may be more easily observable
than for other fluorescent proteins be-
cause- tissues absorb less energy at
longer wavelengths and the recent ob-
servation by Baird et al. (1) that DsRed
has a higher extinction coefficient and
fluorescence quantum yield than origi-
nally thought. Definitive comparisons of
. markers in transgenic insects are diffi-
cult because their expression may vary
with transgene integration site, owing to
position effect variegation, and here the
EGFP marker was also subject to nu-
clear localization. Thus, the relative effi-
cacy of DsRed as a transformation
marker will be subject to how it is regu-
lated in a specific host insect, but our re-
sults support the conclusion that it will
be at least equal to if not an improve-
~ment over GFP. Recently, we have used
the pB[PUbDsRed1] vector to transform
the Caribbean fruit fly (unpublished re-
sults), which had previously been trans-

formed with piggyBac marked with
EGFP (10). Thus far, the DsRed marker
characteristics described for Drosophila
also extend to this non-drosophilid.

The Texas Red filter set used for
DsRedl detection almost completely
blocked EGFP fluorescence and auto-
fluoresence from pupal cuticle. In con-
trast, a FITC/GFP filter set with a long-
pass filter allowed the detection of
DsRedl transgene expression and aut-
ofluorescence from non-transformed
pupae. The lack of stringency of GFP
filters is a significant problem for the
use of GFP as a marker system, and es-
pecially so for insects. Fluorescence
that is difficult to visibly distinguish
from GFP or EGFP is often observed in
insect gut tissue and from food within
the gut, urate crystals in the Malpighi-
an tubules, yolk proteins, cuticle,
necrotic tissue, and other biological
molecules causing ambiguity during
the selection of transformants (11).

Though the extent of autofluorescence
varies for different species, it is quite
common, and the availability of a fluo-
rescent marker that is unambiguously
detected should greatly improve the ef-
ficiency of transformant selection. Flu-
orescence detection is also difficult in
many insect species because of
quenching by highly pigmented or
melanized cuticle in adults. DsRed in-
tensity and its more selective detection
may prove highly advantageous for the
unambiguous identification of trans-
genic insects in field applications.
Beyond the selection of transgenic
insects, fluorescent proteins are widely
used as reporter genes. However, over-
lapping emission spectra is problematic
when attempting to distinguish fluores-
cence from independent markers ex-
pressed in the same tissue, such as when
one fluorescent protein is used for trans-
genic selection and another as a gene
expression reporter, or in co-localiza-
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tion studies. The ability of filter systems
for DsRed to effectively block EGFP
fluorescense indicates that DsRed can
be used as an unambiguous reporter in
tissue where EGFP is co-expressed.
This was suggested by co-expression
studies in E. coli (13) and demonstrated
here for EGFP-marked transgenic flies
having DsRed ectopically expressed un-
der GAL4 regulation. Thus, DsRed
should prove useful for analysis of mul-
tiple transgenes and gene expression
studies such as enhancer-trapping,
though the maturation time for DsRed
will prove problematic for genes under
tight temporal regulation.

In summary, the DsRed fluorescent
protein provides a new genetic marking
system for a number of organisms that
will be especially important to the genet-
ic analysis and manipulation of insects.
The relatively high intensity of polyu-
biquitin-regulated DsRed in transfor-
mant Drosophila is especially encourag-

ing for its use in insects where GFP and
its variants are more easily obscured by
quenching and autofluorescence. DsRed
should be especially useful as a reporter
in studies requiring dual-markers or co-
localization, and, in particular, for some
enhancer-trap studies where non-lethal
detection is necessary.
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SSCP Screening of
Individual Aptamers
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ABSTRACT

Aptamers are specific binding nucleic
acids that emerge from in vitro selection.
During the systematic evolution of ligands by
exponential enrichment (SELEX) procedure,
analysis of the sequences of the numerous se-
lected individual molecules becomes an im-
portant step in the final stage of aptamer se-
lection. The sequencing of cloned aptamers
from the selected pool generally reveals
groups of identical sequences and rarely oc-
curring individual aptamers. This study
demonstrates an approach similar to the sin-
gle strand conformation polymorphism
(SSCP) method used for mutation testing in
genes. Human angiotensin I-specific ap-
tamers have been used to show the efficiency
of the SSCP method to classify selected indi-
vidual sequences into identity groups, which
minimizes sequencing efforts. Additionally,
this approach allows the rapid isolation and
identification of aptamers from a mixture.

INTRODUCTION

Initially, when aptamer selection
[systematic evolution of ligands by ex-
ponential enrichment (SELEX)] (6) is

carried out, a randomized DNA oligo-
nucleotide library containing more than
1014 individual sequences is used (1,4,
5,9,13). After 10-15 rounds of selec-
tion, this diversity decreases to approx-
imately 103, giving rise to a mixture of
sequences. Sequencing of randomly se-
lected clones chosen from the selected
pool usually reveals separate groups of
identical sequences that account for
over 30% of the pool. Other groups are
less numerous, and some unique se-
quences are also present (3).

Here, we describe a method of sort-
ing aptamers from an affinity-enriched
library into groups based on the distinct
migration profiles of individual se-
quences on non-denaturing polyacry-
lamide gels. This method is similar to
mutation detection by the single strand
conformation polymorphism (SSCP)
(11) method and allows complex analy-
sis within the affinity-enriched pool
without the knowledge of individual
aptamer sequences.

MATERIALS AND METHODS

Peptide and Affinity Resin

Peptides corresponding to. the se-
quences of angiotensin I (Asp-Arg-
Val-Tyr-Ile-His-Pro-Phe-His-Leu) and
angiotensin II (Asp-Arg-Val-Tyr-Ile-
His-Pro-Phe) were synthesized using
9-fluorenylmethoxycarbonyl  amino
acid-based, solid-phase peptide syn-
thesis on a Rink® resin (Calbiochem-
Novabiochem AG, Laufelfingen, Swit-
zerland). After synthesis, the peptides
were cleaved from the resin and puri-
fied by reversed-phase HPLC.

The oligonucleotides were selected
on a Tenta-gel® (Rapp Polymere
GmbH, Tiibingen, Germany) resin with
immobilized angiotensin I, synthesized
as previously described. The peptide
concentration on the resin was 22
nmol/g. To remove Tenta-gel-specific
sequences during the selection process,
a sample in which angiotensin was re-
placed by amino groups was used.

Library

Oligonucleotides used for selection
were made in an ASM-102V® DNA
synthesizer (Biosset, Novosibirsk, Rus-
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