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Chimaeras, fanciful beasts that drew their force from being
composed of parts of disparate animals, have stimulated our
collective imagination for centuries. In modern terms, chimaeras
are composite animals consisting of genetically distinct cell
populations and are called “mosaics” if the different cell types
have emerged from the same zygote. Phenotypic studies of chi-
meric animals formed from invertebrates, amphibians, birds, and
mammals have provided many fundamental insights into biologi-
cal processes, most notably in developmental biology. Many meth-
ods for generating both chimaeras and a range of markers for
tracing their lineages have been developed over the years. Our
laboratory has been intimately involved in the development of
methods that facilitate the creation of genetic mosaics in Drosoph-
ila. Here, we review our contributions to the development of this
field and discuss a number of approaches that will improve further
the tool kit for generating mosaic animals.
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In 1924, Spemann and Mangold (1) used grafting experiments
with cells from distinct Salamander species to establish the

organizing activity of the dorsal lip of the blastopore during
amphibian gastrulation. Ever since, chimaeras have been central
to the elucidation of many developmental mechanisms. Sub-
sequent imaginative transplantation procedures in insects, am-
phibians, birds, and mammals (2) led to numerous insights on
cell lineages, tissue induction, self recognition in the immune
system, and sexual differentiation. Furthermore, in some cases,
because the grafted mutant cells and/or tissues develop beyond
the point that they typically reach in wholly mutant animals,
phenotypic analyses can be extended to later stages; thus, chi-
maeras provide a powerful means of characterizing mutant
phenotypes and the affected cell types.
In addition to cell and tissue transplantation experiments,

advances in both genetics, to manipulate genomes, and in the use
of fluorescent proteins, to detect marked cells, have facilitated
the design and creation of mosaic animals, promoting flurries of
cell lineage and mutant analysis studies. Because of the ease of
performing genetics studies in this system, methods and ap-
proaches developed in Drosophila have led the field. Over the
years, tools have become increasingly sophisticated, allowing
both control of the genotype and detection of mutant cells in
a precise spatial and temporal manner. These powerful tools
have made possible the study of complex biological processes in
vivo in exquisite detail. In particular, they have allowed the
analysis of pleiotropic genes, i.e., genes that have multiple func-
tions over time. These genes are particularly difficult to analyze
because their roles at later time points may not be detectable
because of earlier detrimental functions. Here, we describe the
various tools available to Drosophila researchers today and em-
phasize, in the context of the evolution of the field, the con-
tributions of our group.

Mitotic Recombination to Create Mosaics in the Soma and
Germ Line
In 1936 Stern (3) first coined the term “twin spots” to refer to the
two homozygous daughter cells generated by mitotic recom-
bination (MR) in a heterozygous animal (Fig. 1). MR events are
very rare in wild-type animals, but their frequency can be in-
creased significantly by X-ray irradiation that generates DNA
double-stranded breaks (Fig. 1A). Subsequent DNA repair en-
zyme activity is not always strand specific, leading to crossover
exchange of genetic material between homologous chromosomes.
Importantly, because the timing of irradiation can be controlled,
MR events can be induced at different time points to generate
clones of different sizes (the earlier the irradiation, the larger the
clone size). Further, because the frequency of events depends
upon the number of cells present, analysis of the resultant clone
sizes can be used to estimate progenitor numbers and their di-
vision rates (e.g., see refs. 4 and 5).
MR provides a powerful tool to mark all of the descendants of

a single cell during the development of a multicellular organism
(Fig. 1B). A number of cell-autonomous cuticle markers such as
yellow, forked, and multiple wing hairs have been used extensively
to detect twin spots and analyze the viability, cell autonomy, and
phenotype of recessive mutations. Importantly, because daughter
cells are equivalent in most proliferative tissues, comparison of
the size of the wild-type marked twin provides a natural internal
control to the mutant twin. Significantly, clonal analysis in
imaginal discs of Minute mutations, which slow cell growth by
affecting ribosome number, led to the fundamental discovery of
compartments [e.g., anterior–posterior or dorsal–ventral (4)],
now recognized as embodying a universal organizing principle in
the patterning and differentiation of animal embryos and organs.
Apart from cell lineage analysis, such mosaic techniques also

are useful to determine where the function of a particular gene is
required within a tissue. For example, in the eye, the receptor
tyrosine kinase Sevenless is required in photoreceptor 7, whereas
its ligand, Bride of Sevenless, is required in photoreceptor 8 (6).
Mosaic techniques also allow the determination of whether a
gene is required cell-autonomously in the expressing cell or
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whether it acts nonautonomously. For example, in the Wingless
(Wg) pathway, porcupine, which is required for Wg secretion,
acts nonautonomously, whereas dishevelled and armadillo, which
are required for transduction of the signal downstream of the
Frizzled receptor, act cell autonomously (7).
The production of mosaics in the germ line is of special in-

terest for the investigation of both oogenesis and the contribu-
tion of maternally synthesized gene products to early zygotic
development. Perrimon and Gans (8) developed a simple and
efficient method, the dominant female sterile (DFS) technique,
for detecting germ-line clones based on the unique properties

of the germ line-dependent ovoD1 DFS mutation (Fig. 1C).
Although ovoD1/+ germ-line cells fail to produce eggs, double-
positive germ-line clones induced in ovoD1/+ females by MR
produce normal progeny. Thus, germ-line clones homozy-
gous for a specific mutation (m) can be induced readily in
transheterozygous animals for both ovoD1 and m. This approach
allowed the characterization of the tissue specificity of female
sterile mutations (8) as well as the analysis of the maternal
effects of pleiotropic genes associated with zygotic lethality
(9, 10). Importantly, because ovoD1 is located on the X chromo-
some, and other DFS mutations with similar features did not exist,

Fig. 1. Mitotic recombination and generation of twin spots for clonal analyses. (A) X-ray irradiation causes chromosomal breaks and induces MR in the G2
phase of the cell cycle. (B and C) The underlying mechanisms of MR are the same in somatic (B) and germ-line (C) tissues, but the techniques for visualization
of induced twin spots are different. MR causes an exchange of chromosomal arms distal to the site of crossing over. All genes downstream of the chro-
mosomal breakpoint are homozygozed. In a heterozygote, the pattern of chromosomal segregation determines genotype. In G2-X segregation the
recombined chromosomes migrate to different poles in a 1:3/2:4 configuration. Cytokinesis generates a mosaic fly with homozygous twin spots: one wild-type
(+/+) and the other mutant (−/−); the rest of the cells are heterozygous (+/−). All twin spot genotypes shown in this and following figures arise from this type
of segregation pattern. (B) In the soma, MR creates within the original heterozygous background multicellular homozygous clones of wild-type and mutant
tissue of varying sizes, depending upon the number of further cell divisions. In early clonal analysis studies the homozygous mutant twin spot was identified
by external phenotypes such as cuticle color or forked thoracic bristles; later, with the development of fluorescent protein markers, clones were identified
within internal organs. (C) The DFS technique. Flies heterozygous and homozygous for DFS do not lay eggs; however, following MR in a heterozygote,
double-positive germ cells will develop and produce normal eggs. If a mutation is positioned in trans to DFS,m/m homozygous clones will be generated in the
germ line. OvoD1 ovaries degenerate very early, and wild-type eggs are lost. Thus, the only eggs that develop, if m does not interfere with germ-line de-
velopment, will be homozygous mutants.

Griffin et al. PNAS | April 1, 2014 | vol. 111 | no. 13 | 4757

G
EN

ET
IC
S

IN
A
U
G
U
RA

L
A
RT

IC
LE



our group transposed the ovoD1 mutation onto autosomal sites to
extend the DFS technique to the autosomes, thus allowing the
systematic analysis of the maternal effect of autosomal zygotic
lethal mutations, among others (11).

The Flippase Recognition Target System: Design and Early
Applications
Although X-ray irradiation provides a relatively efficient way to
generate MR, the low frequency of events, random targeting of
the crossovers along the chromosome, and considerable mor-
tality of treated animals were impediments to the technique.
Golic and Lindquist (12) solved these issues by designing an easy,
efficient, and neutral way to induce clones based on the Flippase
(Flp)-Flp recognition target (FRT) system from the 2-μM plas-
mid of Saccharomyces cerevisiae (Fig. 2A). They showed that the
recombinase Flp could drive recombination at the specific target
site of the recombinase, FRT. These recombination events can
occur either in cis on the same chromosome arm (12), or in trans
across different chromosome arms (13). Key elements of this
strategy are its controllability and high inducibility: By putting
the recombinase under the control of the heat shock promoter
hsp70, recombination is induced by a short temperature pulse
that is harmless to the fly.
The introduction of the Flp-FRT system allowed the im-

provement of previous MR strategies and the design of new
applications for creating mosaics. In particular, to facilitate the
production of germ-line mosaics, we developed the “Flp-DFS
technique” (14, 15), allowing efficient generation of germ-line
clones by MR on all chromosomal arms. Further, we took the
first step toward the development of a direct positive marking
technique for clonal analysis, the positively marked mutant
lineage (PMML) technique (Fig. 2 B and C) (16). In the initial
version, we used MR to fuse the tubulin promoter region on one
chromosome with the lacZ-coding region on the other to gen-
erate a β-galactoside protein as a marker for the cells that had
received the functional tubulin promoter/lac-Z combination. This
analysis showed that MR mediated by yeast Flp could be used to
generate and mark clones directly in embryonic, larval, and adult
internal tissues. In an alternative approach, Struhl and Basler
(17) found a clever way to induce clones (although not twins)
efficiently using the Flp-FRT system. In the “flp-out” technique,
FRT sites are arranged as direct repeats at either end of a seg-
ment of DNA containing a transcriptional stop signal, the whole
of which is flanked by a 5′ constitutive promoter and a 3′ coding
region. Whenever Flp mediates site-specific recombination be-
tween the cis-acting FRTs, the intervening DNA containing the
stop signal is excised (or “flpped-out”), and the promoter be-
comes free to drive transcription of the now-fused coding re-
gion and, ultimately, expression of a functional protein. Because
the change is irreversible and heritable, the dividing cells form
multicellular clones that can be identified by ectopic expression
of either the Lac-Z marker gene or developmentally important
proteins that subsequently can be marked with tagged antibodies.
Finally, another important application was the design of Flp-
FRT–based genetic screens in which mutant cells, induced in
heterozygous animals by the Flp-FRT system, are identified by
their lack of expression of a marker gene. Xu and Rubin (18)
placed FRT sites at the base of all Drosophila chromosome arms as
well as cell-autonomous markers that localize to either the nucleus
or membrane, allowing the clonal analysis of almost all Drosophila
genes during development and in dividing adult tissues.

The Binary Gal4-Upstream Activating System to Control
Gene Expression Spatially and Temporally
To complement loss-of-function studies, we adapted the yeast
Gal4-upstream activating system (UAS) transcriptional activa-
tion system to drive targeted gene expression in the fly (Fig. 3)
(19). In yeast, induction of the GAL structural genes by

galactose is dependent on the transcriptional activator Gal4
that operates through a UAS. Gal4 selectively activates any
gene-coding sequence (cds) that has been cloned downstream of
UAS, conferring upon it the tissue, time, and position speci-
ficity of its own promoter/enhancer. As shown in Fig. 3B, if
UAS-GFP and UAS-gene X previously have been inserted into
the background, Gal4 drives coexpression of GFP and gene X
to mark clones specifically for phenotypic screening. An important

Fig. 2. The Flp-FRT method and the PMML strategy. (A) The yeast recom-
binase Flippase is under the control of the hsp70 promoter in hs-Flp. Heat
shock induces Flp expression, which activates recombination specifically at
target FRT sites previously inserted into the genome. (B) In the PMML
strategy, FRT sites are differentially flanked by a 5′-tubulin promoter on one
homologous chromosome and a 3′-Lac-Z on the other. (C) Heat-shock
induces MR, creating a mosaic animal with one unmarked twin spot and one
twin spot in which a functional fused tubulin promoter-LacZ cds leads to
expression of β-galactosidase.
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genetic aspect of the system (Fig. 3A) is that the physical sepa-
ration of the Gal4 transactivator from its target UAS-cds con-
struct into two distinct transgenic fly lines assures that there is
minimal leakiness of expression: The target gene, which is pres-
ent in one fly line, is silent in the absence of its activator; the
activator protein is present in the other line but has no gene to
activate. Consequently, in the absence of any significant baseline
expression, there is no selective pressure, so the lines can be
maintained indefinitely as laboratory stocks. The method also
offers a significant technical advantage in that construction of
a single Gal4 “driver” line exhibiting interesting patterns of ex-
pression can be used to drive the expression of any number of
cds, each represented as an individual fly line. Thousands of such
target UAS-cds lines as well as Gal4 driver lines are available to
the scientific community (http://flystocks.bio.indiana.edu/). In ad-
dition, two approaches that allow control of Gal4 activity are
available. One is the repression of Gal4 activity by the use of a
natural repressor of Gal4 known as Gal80, which later was mu-
tated to a more labile, temperature-sensitive derivative (20)
(Fig. 3C). GeneSwitch Gal4, whereby the expression of UAS
effector lines is controlled by a chimeric Gal4 protein that be-
comes active in the presence of the steroid RU486 (21), is
the second.

Gal4-UAS and Flp-FRT—a Powerful Combination
Combining the Gal4-UAS and Flp-FRT systems opened the
door to the development of a flurry of imaginative methods for
creating mosaics (22) and illuminated how the use of cross-
species components considerably enhances genetic manipulation
in existing models. Importantly, the use of GFP from the jellyfish
Aequoria victoria (23) and of other fluorescent proteins allowed
the easy visualization of labeled cells in mosaics.
In particular, we developed a directed mosaic system by using

the Gal4 system to control the expression of Flp in a spatial and
temporal fashion (24), thereby allowing mosaic screens to be
restricted to specific tissues. Lee and Luo (25) developed the
mosaic analysis with a repressible cell marker (MARCM) system
that uses Gal80. With MARCM, MR is used to segregate away
both copies of a constitutively active form of the repressor gene
to one twin cell, thus relieving the Gal4 repression in the other.
In the latter twin cell, lack of turnover eventually depletes it of its
repressor Gal80 pool, allowing reactivation of the binary system;
if a UAS-GFP construct has been placed in the genetic back-
ground, this twin is uniquely marked with green fluorescence.
The system can be used to generate labeled MARCM clones that
are homozygous for a specific mutation. The temperature-sen-
sitive form of the repressor makes possible an additional level of
control, allowing inducible inhibition of its function by a rise in

Fig. 3. The Gal4 binary expression system expands levels of control. (A) The genetic components of the Gal4-UAS system are present in two distinct
transgenic fly lines so that leaky expression and potential genetic selection are avoided. The driver and target UAS fly lines are crossed, and the full com-
plement of genetic elements comes together exclusively in the progeny genome. (B) In the first phase of binary expression, the Gal4 promoter determines the
time and cell specificity of transcription. After translation, Gal4 protein binds to UAS sequences placed upstream of any and all cds, causing their coordinate
expression, so a single UAS-marker reveals the specific expression pattern of all UAS-linked sequences. The box above the colorless cell shows UAS-target
sequences inserted into the background. (C) A tertiary level of control is possible through the use of a specific Gal4 repressor, Gal80TS, which is temperature
sensitive. At lower temperatures, the repressor is active, and there is no Gal4 transcription; at higher temperatures, the repressor cannot function, and the
active repressor pool becomes depleted. Gal4 transcription progressively resumes, and binary expression is reactivated.
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temperature. Finally, an interesting method, the split Gal4 sys-
tem (26) permits Gal4 activation of UAS constructs only at the
intersection of two expression domains. One construct expresses
a Gal4 DNA-binding domain–leucine zipper motif fusion pro-
tein, and the other expresses a leucine zipper motif–transcrip-
tional activation domain fusion protein. Gal4 activation of UAS
constructs will occur only in cells where both constructs are
expressed and where the two fusion proteins can dimerize via
their leucine zipper motifs.

Gal4 and Transgenic RNAi: A Perfect Marriage
Following the initial discovery by Fire et al. (27) that dsRNAs
provide an effective knock-down approach, many groups explored
the possibility of using the Gal4-UAS system to target RNAi
reagents to specific cells and tissues (28). RNAi reagents consist
of either long dsRNAs that are processed into siRNAs or small
hairpin microRNA-based (shRNA) RNAi constructs that gen-
erate a single siRNA. Importantly, RNAi constructs are most
effective when targeted to integration sites in the genome that
are optimal for transgene expression through use of the phiC31-
mediated site-specific integration approach (29). Our group in
particular characterized a number of genomic sites that provide
high levels of gene expression (30), developed a number of
vectors that provide maximum expression (31, 32), and produced
a large-scale resource of transgenic shRNA lines (33). Large-
scale screens in the soma (34) and the germ line (35, 36) now are

performed easily simply by crossing a Gal4 line of interest with
UAS-RNAi lines, which now number in the tens of thousands
(28). The progeny from each individual cross then can be
screened for specific RNAi-induced phenotypes (Fig. 4 A and B).
Importantly, we showed that shRNAs are more efficient than
long dsRNAs for RNAi, particularly in the female germ line
(33). This last feature allowed large screens to identify genes
expressed during oogenesis that are required for germ-line or
embryonic development (Fig. 4C) (36).

Recent Tools for Clonal Analysis and Other Binary Systems
Genetically engineered systems continue to evolve and provide
powerful new tools and approaches for cell lineage analyses. The
Gal4 technique for real-time and clonal expression (G-TRACE)
labels cells after Gal4-dependent excision of an FRT cassette
that was placed to stop the expression of a reporter 1 before
flp-out, whereas Gal4 expression is revealed with an alternate
reporter 2 (37). Twin-spot MARCM labels the homozygous
daughter cells, derived from MR, because of the differential loss
of either repressor 1 or repressor 2 (38). In addition, our group
developed the twin-spot generator (TSG) that labels cells after
interchromosomal recombination (Fig. 5) (39). TSG generates
positively labeled clones without the use of a repressor, thus
minimizing the lag time between clone induction and appearance
of label. In TSG the FRT site is flanked with complementary,
hybrid sequences encoding GFP and RFP (Fig. 5A). After MR,

Fig. 4. Somatic and germ-line RNAi screens. (A and B) Experimental protocol for large-scale in vivo screens in which RNAi induces systematic
knockdown of gene expression. (A) RNAi screens are initiated by systematically crossing virgin females from a single Gal4 driver line with males from
individual UAS target lines, each carrying a specific UAS-RNAi (either dsRNA or shRNA) directed against a known gene. The promoter of Gal4 specifies
the time and tissue specificity of Gal4 expression in the driver line, but transactivation of target UAS-RNAi can occur only when both elements are
united in the progeny genome. Gal4 > RNAi, Gal4 activation of dsRNA or shRNA transcription. (B) Systematic Gal4-driven expression of RNAis induces
knockdown of target gene expression to allow systematic phenotypic characterization of the progeny of each cross. (C ) Examples of embryonic
phenotypes detected from germ-line screens using shRNAs (35, 36). Adapted from ref. 35.
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full-length GFP and RFP are reconstructed by the chromosomal
exchange (Fig. 5B). The FRT site is located within an intron so
that when the corresponding primary RNAs undergo splicing all
traces of the interrupting intron are erased, and a normal GFP
or RFP functional protein generates differential fluorescence
signals in the twin daughter cells (Fig. 5C). The system can be
used to generate marked mutant clones (e.g., to evaluate their
growth rates compared with the twin wild-type control).
Success with the Gal4/UAS/Gal80 repressible binary expres-

sion system together with the need to manipulate or mark
different cell populations motivated the development of additional

binary systems to control gene expression. Two systems have been
developed recently based on LexA from bacteria and QF from
Neurospora (40, 41). LexA binds to specific sequences called lexA
operator (lexO), and a number of tools allowing the use of LexA
together with the Gal4 system were introduced to allow various
mosaic manipulations. The Q-system consists of three com-
ponents: the QF transcription factor, the QS suppressor, and
a QUAS effector. QUAS effectors show robust expression in
the presence of QF, an expression that can be suppressed by
ubiquitous expression of QS. Importantly, temporal control of the
Q-system is possible by feeding flies quinic acid, an inhibitor of the
QS suppressor.

Future Directions: Clonal Screens in Mosaic animals
Building on TSG, we currently are extending the method to
control gene expression in one or both daughter cells by de-
veloping mosaic analysis protocols that progressively integrate
the Gal4 and Q binary expression systems. The underlying
principle is the same as in TSG: We induce MR via the Flp-FRT
system in hybrid cassettes to reconstruct full-length cds, but in
this approach the TSG cassettes are composed of complemen-
tary sequences from either Gal4/RFP or Gal4/Q. In the Gal4/
RFP version, one twin expresses RFP directly, and the other
expresses Gal4, which drives expression of a UAS-GFP cds in-
serted on a different chromosome (Fig. 6 A and B, Left). In a
proof-of-principle experiment with only the UAS-GFP marker
sequence present, we tested a hybrid Gal4 sequence (Gal4-
VP16). Gal4-VP16 is a potent transcriptional activator that
contains the Gal4-specific DNA-binding domain and the phage λ
VP-16 transcription activator domain (42). As shown in Fig. 6C,
both red and green fluorescing clones were readily detectable,
demonstrating that the Gal4 binary system is functional in TSG;
however, we also observed that the twin spots were not of equal
size: The red clones were larger and in several instances showed
no corresponding green twin spot. We attribute this difference to
the inherent toxicity of the Gal4-VP16 protein when expressed
at high levels. These results demonstrate that TSG renders dif-
ferences in cell viability (via clone size) directly visible and
quantifiable.
In future applications of TSG, we anticipate that a combi-

nation of the Gal4 and Q transcription systems with an MR-
dependent induction of differentially marked clones will pro-
vide a maximally flexible system for the control of gene ex-
pression in each of the twin clones (Fig. 6 A and B, Right),
particularly because we can establish baseline toxicity in the
same TSG assay. This system will have a number of applications,
such as identifying reciprocal signaling events between normal and
mutant cell populations during developmental and pathological
processes.

Materials and Methods
The TSG strategy and methods used for Gal-RFP (Fig. 6) are described in
Griffin et al. (39). Specifically, for TSG plasmid construction/integration
strategy, see supplementary figure 1 in ref. 39. For G2-Z segregation, see
supplementary figure 4 in ref. 39. For hybrid partner 5′ and 3′ GFP and RFP
nucleotide sequences, see supplementary table 1 in ref. 39. For primers for
GFP/RFP hybrid construction, see supplementary table 2 in ref. 39. For clone
cell counts for figure 5 in ref. 39, see supplementary table 5 in ref. 39. The
Gal4-VP16 sequence is identical to GAL4 fusion protein [Flexi Vector
pFN11A (BIND)] GenBank ID: ABG01697.1 from amino acids 1–146 and,
after a single valine residue linker, to amino acids 411–490 of trans-
activating tegument protein VP16 (Human herpesvirus 1) GenBank ID:
ADD60084.1. To make hybrid Gal4/RFP and RFP/Gal4 hybrid cassettes, the
Gal4-VP16 sequence was split at nucleotide 329.
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Fig. 5. TSG differential labeling of twin spots. (A) TSG is a Flp-FRT–based
MR strategy, as in Fig. 2, except that the FRT site, located in an intron, is
flanked with complementary GFP and RFP sequences to create TSG hy-
brid cassettes (Materials and Methods). (B) Heat shock-induced MR
generates full-length but interrupted cds for GFP on one recombined
chromosome and for RFP on the other. Splicing removes the FRT site
along with the rest of the intron to reconstruct continuous full-length
GFP or RFP cds. In a heterozygote, placing the wild-type allele distal to
the 3′ RFP and the mutant allele distal to the 3′ GFP enables direct
identification of both the red wild-type control and green mutant twins.
(C ) TSG provides a direct readout of toxicity. In control experiments in
which both twin spots are homozygous wild type, statistical analysis
showed equal numbers of cells present in the red and green twin spots,
as expected and confirming that ectopic expression of GFP or RFP had no
apparent toxic effects (compare with Fig. 6C). Adapted from ref. 39.
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the other of the TSG parental lines before TSG fly crosses. MR proceeds as in Fig. 1, except that both the RNAi-induced mutation and green marker fluo-
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