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Abstract

By generating and studying mosaic organisms we are learning how intricate tissues form as cells
proliferate and diversify through organism development. FLP/FRT-mediated site-specific mitotic
recombination permits the generation of mosaic flies with efficiency and control. With heat-
inducible or tissue-specific FLP transgenes at our disposal, we can engineer mosaics carrying
clones of homozygous cells that come from specific pools of heterozygous precursors. This
permits detailed cell lineage analysis followed by mosaic analysis of gene functions in the
underlying developmental processes. Expression of transgenes (e.g. reporters) only in the
homozygous cells enables mosaic analysis in the complex nervous system. Tracing neuronal
lineages by using mosaics revolutionized mechanistic studies of neuronal diversification and
differentiation, exemplifying the power of genetic mosaics in developmental biology.

Introduction

Generating mosaics (i.e. organisms with cells of different genotypes) allows manipulation of
gene functions in subsets of cells within otherwise unperturbed organisms 1. In diploid
organisms, genetic mosaics can be generated by mitotic recombination that produces
homozygous daughter cells from heterozygous precursors which have undergone
homologous recombination during mitoses 2.

Such mosaic organisms carry patches of cells homozygous for either of the recombinant
chromosome arms in heterozygous tissues. Their patterns of mosaicism reflect where and
when the events of mitotic recombination have occurred during the organism development.
The mosaic pattern, if properly labeled, can faithfully reveal descent. Generating mosaics by
mitotic recombination (as opposed to various cell-cycle-independent mosaic techniques) is
therefore uniquely suitable for cell lineage analysis to delineate retrospectively the cell
proliferation processes from which specific cells of interest have arisen 3.

Cell lineage analysis is fundamental for understanding tissue complexity and development.
Retrospective cell lineage analysis is carried out by characterizing the mature cells derived
from an earlier precursor whose physical identity is often unknown. It generally involves
sparse stochastic permanent labeling of progenitors and thus their descendents are also
labeled. In Drosophila, the limited intermingling and migration of cells mean that cells of
the same lineage origin typically form a spatially coherent clone in adult tissues. This
‘clonal’ organization greatly simplifies cell lineage analysis. Technically, sampling clones of
various sizes induced at different developmental stages should efficiently unveil the overall
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lineage map. Full-size clones consist of all the descendents of a founding progenitor, while
subclones of decreasing sizes carry subsets of related cells with closer pedigree
relationships. One can then build the developmental hierarchy of the recovered clones based
on clone size, location, timing of induction, and offspring composition to deduce the
mode(s) of cell proliferation and learn the role(s) of cell lineage in the derivation of tissues
with characteristic cells in specific arrangements.

One can speculate two extreme scenarios as to the relationship between cell lineage and cell
fate determination. At one extreme, the precursors may undergo variable rounds of cell
divisions and collectively deposit excessive terminal cells that remain naive and not
committed to any particular cell fate, including the possibility of undergoing apoptosis, until
exit of cell cycles. In this scenario, random lineages would exist and one could hardly
recover similar clones even after clone induction in well-synchronized organisms. At the
other extreme, both precursor numbers and cell cycles are tightly controlled such that an
intricate tissue always develops from the same invariant lineages. In this case, stage-specific
stereotyped clones that are characteristic of each lineage can be obtained repeatedly. One
can in theory reconstruct the underlying lineages through the analysis of clones respectively
derived from the founding progenitors as well as all the intermediate precursors.

The presence of invariant lineages indicates the derivation of specific terminal cells from
specific precursors and implicates the involvement of lineage-intrinsic mechanisms in cell
fate determination. This would encourage the identification of the conserved precursors for
the investigation of possible cell fate commitments due to progressive restriction in their
developmental potentials. One can further scrutinize individual offspring in a completely
mapped stereotyped lineage for their detailed structural and functional roles in adult tissues
as well as the mechanisms underlying their acquisition of different mature structures and
functions. Given that most genes possess (possibly diverse) functions in diverse cells, it is
mandatory in most cases to manipulate genes only in the cells of interest to uncover cell-
autonomous functions for the genes. Generating mosaics by mitotic recombination, to create
clones of homozygous daughter cells from heterozygous precursors, can provide information
about lineage and gene function at the same time and thus is a powerful tool in Drosophila
melanogaster. It enables foundational cell lineage analyses followed by studies of the
genetic requirements of lineage development.

Genetic mosaics prior to site-specific mitotic recombination

Genetic lineage analyses in Drosophila were initially performed in the gynandromorphs that
carry mixtures of female (XX) and male (XO) tissues due to somatic loss of an X
chromosome 4567 (see Fig. 1 for timeline of genetic chimeras). Using unstable chromosomes
or mutations that promote chromosomal loss 2, gynandromorphs can be produced at
sufficient frequencies for constructing developmental fate maps to outline the distribution of
progenitors for late structures in early embryos 6. Landmark studies in gynandromphs led to
a more detailed understanding of the embryonic origins of the imaginal discs and their
relative locations in the early embryo. The major limitations of generating mosaics via
chromosome loss include (1) no spatiotemporal control over the occurrence of chromosome
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loss, and (2) the detrimental effects of losing an entire autosome, which restricts the
hemizygous mosaic studies only to X-linked genes.

Compared to chromosome loss, generating mosaics by mitotic recombination 8 is genetically
much subtler and can be controlled through induction of double-strand DNA breaks
historically mediated by ionizing radiation 919. Double-strand DNA breaks can be repaired
via homologous recombination, leading to sister-chromatid exchanges during mitosis and
subsequent loss of heterozygosity following X segregation of the recombinant
chromosomes. Instead of losing one entire homologous chromosome, clones derived after
mitotic recombination remain diploid but become homozygous for all the genes residing
distal to the site of recombination and thus differ from the surrounding heterozygous non-
recombinant cells. Clones homozygous for a recessive mutation cell-autonomously affecting
cells’ gross appearance (e.g. color or morphology) can be reliably detected 1011, Moreover,
clones can be induced at different developmental stages by stage-specific irradiation 192,
Systematical analysis of such temporally induced clones has demonstrated the presence of
anterior and posterior compartments in the larval imaginal discs 1213, Each compartment
exists as a polyclone composed of all the descendants of a small group of founder cells 4.
The apposed anterior-posterior boundary then patterns the development of the adult
appendages 1.

The identifiable clones can be mutant for genes of interest and homozygous for the recessive
marker mutation when both mutations coexist on the same recombinant chromosome arm.
This allows knockout of essential genes in mosaic patches for loss-of-function mutant
analysis in otherwise nonviable organisms. A cell-autonomous growth retardation mutation
on the other homologous chromosome arm would reduce the number of non-marked cells
and increase the number of cells from the marked clones (because the marked clones lost the
dominant slow-growing mutation and possess a growth advantage over their slow-dividing
neighbors). Such clone competition underlies the Minute technique 16 used to increase clone
sizes for studying compartment boundary or employed to promote clone survival for
recovering sick mutant clones. Similar genetic tricks underlie the development of germline
mosaics, which involves the use of dominant female sterile mutations (placed on the
otherwise wild-type chromosome arm) to block the production of any but the homozygous
mutant oocytes 1718, One can therefore eliminate essential genes selectively from female
germlines to study gene function in oogenesis or examine the roles of maternal contributions
in early organism development.

Despite all these genetic innovations, the poor efficiency of clone production and the
potential toxicity of ionizing radiation severely limited the applicability of mosaic studies
with mitotic recombination. In addition, the marking of clones based on changes in gross
appearance often prevented visualization of internal or immature clones. Besides, having no
control over the site(s) of mitotic recombination complicates data interpretation because
sometimes the marked clones can lack the mutation in the gene of interest or unmarked
background clones with unknown genotypes can exist.
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Genetic mosaics by site-specific mitotic recombination

The development of P element-mediated germ line transformation 19 followed by the
introduction of the FLP recombinase and its targets, FRTs, into the Drosophila genome 20
fostered the establishment of a much more efficient and controllable genetic mosaic system
(Fig. 1). The FLP/FRT-based genetic mosaic system depends on FLP-mediated mitotic
recombination between FRTs residing in trans on homologous chromosomes 212223 Mitotic
recombination across FRTs allows the production of homozygous clones in heterozygous
organisms (Fig. 2). The resulting mosaic organisms thus consist of cells with three distinct
genotypes. The non-recombinant cells remain heterozygous and carry both paternal and
maternal copies of genes located distal to FRT. By contrast, the homozygous sister clones
derived from a common heterozygous precursor would exclusively carry two copies of the
paternal alleles and two copies of the maternal alleles, respectively. Placing copies of FRTs
near the centromere on a given chromosome arm for all major chromosomes enables genetic
mosaic studies for over 95% of the Drosophila genome 23. Reporter transgenes can be
placed distal to the FRT site on only one homologous chromosome arm for marking the
mutant clones as well as their wild-type sister clones in dosage-dependent manners (two
copies versus zero copy of the reporter transgene) 23 (Fig. 2). Markers may carry exogenous
epitopes or chromophores and various subcellular targeting motifs for better characterization
of external as well as internal clones at different stages of organism development.

Muitotic recombination across FRTs exclusively depends on the FLP, which could now be
expressed in discrete spatiotemporal patterns. This granted an unprecedented level of
versatility in the control of clone induction. Under the control of a heat shock promoter, FLP
can be acutely induced within a defined developmental window to monitor stage-specific
tissue proliferation patterns. One can also restrict FLP expression to certain progenitor pools
using various enhancers to generate tissue-specific mosaics 2425, Incorporation of a
dominant slow-growing or recessive cell-lethal mutation into the otherwise wild-type
homologous chromosome arm further allows one to enrich mutant clones and even obtain
mosaics with tissues that are exclusively homozygous for the mutant FRT chromosome

arm 262425 (e g. Fig. 2). The efficiency of clone production, the control of clone induction,
and the reliable clone detection with FLP/FRT have promoted reverse as well as forward
genetic mosaic screens, greatly facilitating gene discovery in later developmental processes
of interest 27,

Mosaic Analysis with a Repressible Cell Marker

Despite all the advances, mosaic analysis in the complex central nervous system (CNS)
remained limited mainly because of the challenges in detecting mutant clones in dense
convoluted tissues. This motivated the development of MARCM (Mosaic Analysis with a
Repressible Cell Marker) in 1999 26, MARCM controls reporter expression through the
GAL4/UAS binary transgene induction system 29, In MARCM, loss of heterozygosity
following mitotic recombination results in loss of the sole GAL80 (GAL4 repressor)
transgene from one of two homozygous daughter cells and all the offspring (if any) of the
GALB80-minus cell. The subsequent unique labeling of the GAL80-minus clones depends on
the activation of UAS-reporter by the employed GAL4 driver (Fig. 3A). The brain consists
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of diverse classes and types of neurons plus glia, such that most tissue-specific GAL4
drivers show rather restricted patterns of activities in the CNS. Use of such GAL4 drivers
could limit the visualization of MARCM clones to a specific subset of neurons and greatly
simplify the clone patterns. The selective detection of clones among GALA4-positive neurons
is often necessary for detailed analysis of neurite trajectories. However, inability to observe
all GAL80-minus clones or every single cell in a GAL80-minus clone may bias data
interpretation. For instance, an undetected mutant clone might non-autonomously affect the
mutant phenotypes of an observed MARCM clone. To exclude such indirect effects on the
marked clone requires comparative analysis of the same clone in multiple mosaic organisms
that supposedly carry different (unseen) background clones.

The pattern of MARCM clones in the fly CNS primarily depends on the patterns of
neurogenesis (e.g. Fig. 3B). In contrast to most non-neural tissues that grow exponentially
via repetitive symmetric cell divisions, neurons are sequentially added by common
progenitors, called neuroblasts (NBs), during embryogenesis and through the protracted
larval/pupal development. A typical NB divides asymmetrically to renew itself and bud off a
ganglion mother cell (GMC) that divides once to produce two post-mitotic neurons.
Repeating the asymmetric cell division, a single NB can yield a series of sister-neuron pairs
comprising a neuronal lineage, in the adult CNS. Given this pattern of neurogenesis, clones
derived from a single neuronal lineage could be either a large NB clone or a two-cell GMC
clone if mitotic recombination occurred in the NB (Fig. 3B). Independent single-cell clones
are the result if mitotic recombination occurred in GMCs (Fig. 3B). One can learn how
distinct neuronal lineages constitute a neural network by characterizing multi-cellular NB
clones and delineating individual neurite trajectories by analyses of single-cell clones.

The patterns of MARCM clones depend on the induction scheme of the FLP recombinase.
MARCM was built upon the pre-assembled FLP/FRT-mediated genetic mosaic system. In
most cases the use of hs-FLP is favored, as opposed to tissue-specific FLP, in the induction
of neural clones for multiple reasons.

First, the apparently uniform expression of FLP following heat shock permits clone
induction in all active neuronal lineages. Second, varying the intensity of heat shock can
adjust the frequency of clones. Sparse clones are critical for assessing the lineage
relationships among multiple labeled neurons. Third, the ability to induce clones at specific
developmental stages by transient heat shock allows one to follow neurogenesis with great
temporal resolution through the protracted CNS development. Only the precursors present
during the transient expression of FLP can be subject to mitotic recombination. One can
therefore retrospectively determine, through the analysis of MARCM clones induced at
different developmental times, when a particular neuron type and its immediate precursor(s)
were born in a long neuronal lineage.

GAL4 drivers ultimately determine which GAL80-minus cells will be labeled with
MARCM. Clone induction with hs-FLP has the potential of hitting all proliferative lineages.
Except around larval hatching and after puparium formation, most CNS NBs are actively
dividing and often surrounded by multiple recently born GMCs 3031, Even a brief induction
of hs-FLP can elicit many GAL80-minus clones; visualizing all of them makes tracing of
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individual clones extremely challenging. Given the complexity of the CNS and the obvious
self-sufficiency in lineage development, it is desirable to focus on one lineage at one time
for detailed phenotypic analysis. This could be achieved through use of GAL4 drivers that
each selectively label whole lineages. Unfortunately, such drivers rarely exist (probably
reflecting the heterogeneity of NB offspring) and it is hard to determine if any potential
lineage driver does faithfully label all the progeny made by a given NB. Nonetheless, an
ideal MARCM driver should mask as many background clones as possible without
sacrificing the coverage of the target lineage(s). The identification and characterization of
such drivers have paved the way for fruitful MARCM studies in the complex CNS.

MARCM with GAL4-OK107 and GAL4-GH146 allowed lineage mapping among the
mushroom body (MB) intrinsic neurons and three groups of antennal lobe (AL) projection
neurons (PNs), respectively 323334 First, stochastic labeling of NB clones induced at the
beginning of larval neurogenesis confirms the presence of four ‘equivalent” MB NB clones
and ascribes the discrete groups of analogous AL PNs to separate lineages. Second, analysis
of single-cell clones reveals the diversity of neurons within a given neuronal lineage.
Intriguingly, diverse sibling neurons arise in an invariant sequence, as evidenced by the
orderly appearance of distinct identifiable neurons (e.g. MB neurons that project into
specific MB lobes or AL PNs that target different AL glomeruli) among the sequentially
derived single-cell/two-cell clones of the same lineage. Such stereotyped clonal
development implicates involvement of lineage-intrinsic mechanisms in the specification of
diverse neurons. It encourages systematic identification of all neuron types in the complex
CNS through comprehensive single-neuron lineage mapping. However, resolving a highly
heterogeneous neuronal lineage that potentially makes two unique neurons from each GMC
could be extremely challenging. In fact, a complete single-neuron lineage mapping was not
possible in those complex AL PN lineages until the development of twin-spot MARCM (see
below).

MARCM further fostered genetic mosaic studies to uncover genes that regulate neural
development in cell-autonomous manners 3536, Such mechanistic studies require
groundwork that allows us to catalog identifiable neurons based on single-neuron
morphology and cell lineage information. We can then reproducibly target the same lineage
or particular neurons for loss-of-function mosaic studies. Single-cell clones provide Golgi-
quality single-neuron morphology for detailed morphometric analysis. Abnormal
morphology in a single-neuron clone that is homozygous for a loss-of-function mutation in
the gene of interest would reveal the gene’s cell-autonomous function(s) in neuronal
morphogenesis. Knocking out genes from neural precursors followed by analysis of mutant
NB or GMC clones could further reveal genes’ lineage- or cell-autonomous roles in
neurogenesis or neuron fate specification 37. In addition, loss of heterozygosity in GMCs
prior to the neuron-producing mitoses is often necessary for unraveling the null
morphogenetic phenotypes since perdurance of gene functions from GMCs to post-mitotic
neurons could significantly alleviate defects in initial neuronal differentiation. Moreover,
additional UAS transgenes, encoding engineered proteins or interfering RNAs, can be
uniquely expressed in the GAL4-positive, GAL80-minus cells for rescuing mutant
phenotypes or dominantly manipulating endogenous gene functions 38, Furthermore,
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intragenic MARCM with FRTs inside distinct (engineered) alleles of a given gene can allow
reconstitution of a functional mutant allele and at the same time disruption of the pre-
existing wild-type allele in MARCM clones for protein structure-function analysis at the
endogenous expression level and in single-cell mosaics 3°.

Twin-Spot positive labeling

Muitotic recombination can yield two sister cells homozygous for distinct homologous
chromosome arms. The original version of MARCM permits visualization of only one of the
two homozygous sister cells and the descendant(s) of only that sister cell (Fig. 3). An
invisible sister clone precludes a comprehensive cell lineage study. For instance, the only
way to validate a GMC clone, which may contain one or two neurons (e.g. Fig. 5B-D vs.
Fig. 5E) and be easily confused with two independent single-neuron clones, is to observe its
pairing with a NB clone. Sorting out the sister relationships among distinct single-neuron
clones also requires visualization, and ideally differential labeling, of both post-mitotic
neurons made by a given GMC (e.g. Fig. 5E). Marking the mutant clone and its wild-type
sister clone helps substantiate the identity of the precursor that underwent the mitotic
recombination (e.g. Fig. 6). Learning exactly where and when the mitotic recombination has
occurred is critical for determining the prospective cell fate of the mutant clone, to detect
fate transformations among endogenous cell types.

Three transgenic systems allow differential positive labeling of twin spots (paired sister
clones) (Fig. 4). First, twin-spot MARCM 40 employs transgenic microRNAs (miRNASs) to
silence reporter genes except in the homozygous sister clones that have lost distinct miRNA
transgenes and thus express different reporters. The main concerns about twin-spot
MARCM include: (1) the efficiency and perdurance of RNA interference, and (2) the
challenge in the co-expression of multiple transgenes in the clones of interest. Second, Q-
MARCM 41, which involves a different repressible transgene induction system, can be
combined with conventional MARCM to label the paired sister clones by QUAS-reporterl
and UAS-reporter2, respectively. To ensure reliable twin-spot labeling with coupled
MARCMs requires use of drivers that faithfully label the same lineage(s) in both systems.
Third, the twin-spot generator 42 links site-specific recombination with reconstitution of two
intact reporter genes that reside in trans and can be segregated by mitotic recombination into
different daughter cells for twin-spot labeling. Since site-specific recombination could occur
in non-mitotic cells and lead to co-expression of both reporters in heterozygous cells,
genetic mosaic studies with twin-spot generator requires additional efforts to identify true
twin spots, a non-trivial task in the complex CNS.

Sister-clone labeling with twin-spot MARCM in the Drosophila central brain shows the
power of twin-spot positive labeling in comprehensive cell lineage analysis. It allows one to
simultaneously detect the outcomes of both daughter cells derived from a common precursor
and to unambiguously determine the sister relationships among distinct MARCM clones.
Identifying the sister clone paired with a NB clone is essential for validating the asymmetric
cell division of the NB 40, which yields a GMC in the conventional type | NB lineages and
an intermediate neural progenitor (INP) in the eight type Il NB lineages. One GMC may
produce one or two adult neurons or none due to premature neuron loss. By contrast, an INP
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can deposit a short series of GMCs through a limited run of self-renewing asymmetric cell
divisions and thus produce about 10 neurons following each type Il NB asymmetric cell
division 434445 Based on the cell numbers of the accompanying NB clones, one can further
arrange the serially derived GMC clones chronologically to determine the birth order for
individual neurons in a group of clonally related GAL4-positive neurons (Fig. 5B-D). Next
the sister neurons made by a given GMC can be unambiguously identified and
independently traced through characterization of paired single-neuron clones (Fig. 5E). To
ensure full coverage, one should employ drivers that label all the offspring in the lineage(s)
of interest. The degree of coverage by a given driver can be initially assessed by comparing
the extent of labeling between the GAL4 driver and a GAL80-repressible ubiquitous LexA
driver in dual-expression-control MARCM (Fig. 3C) 4647,

Two protracted AL neuronal lineages have been mapped with unprecedented single-neuron
resolution by twin-spot MARCM (Fig. 5). The rather restrictive GAL4-acj6 driver permits
full coverage of the anterodorsal AL (adAL) lineage. Despite the full coverage, adAL NB
clones of various sizes consistently paired with a single-cell GMC clone, arguing that one of
the two post-mitotic neurons made by each of the serially derived about 100 GMCs has died
prematurely. Single neurons paired with larger NB clones were born prior to single neurons
paired with smaller NB clones (Fig. 5B-D). Systematic analysis of such paired NB/GMC
clones has revealed the production of 40 AL PN types in an invariant sequence from the
adAL NB 8. Monitoring the reduction in the NB clone size as the lineage proceeds further
demonstrates the different fixed cell counts of distinct AL PN types. Such stereotyped
single-neuron development indicates that the NB keeps track of every cell division and
confers specific temporal identity on each newborn neuron to ensure the production of an
invariant set of neuron types with specific cell counts from the lineage.

Single-neuron lineage mapping of a more complicated AL lineage made by the lateral AL
(IAL) NB unveils comparable yet more intriguing phenomena. Distinct from the adAL
lineage, the IAL lineage consists of two distinct hemilineages as the sister neurons derived
from each GMC, if survived into the adult stage, respectively develop into one projection
neuron (PN) and one local interneuron (LN) which can be identified as paired single-neuron
clones by twin-spot MARCM using a pan-neuronal driver (Fig. 5E). Characterizing
numerous pairs of differentially labeled single-neuron clones sampled through larval
development has revealed the presence of 48 distinct PN/LN pairs that arise sequentially
from the IAL NB 49. Notably, PNs of the IAL lineage may connect the AL, the auditory/
gravity-sensing center, or the gustatory station with various neuropils through distinct
axonal tracks. By contrast, their paired LNs uniformly reside within the AL. The multi-
neuropil PNs exhibit higher cellular diversity than the pure-AL LNs, such that a series of
distinct PNs may arise sequentially with undistinguishable LNs from common GMCs. The
opposite with serial production of distinct LNs and unchanged PNs could also occur and has
been well noted in one occasion. All these phenomena indicate that the IAL PN and LN
sister hemilineages are independently patterned to yield diverse PNs and LNs in distinct
sequences. Taken together, diverse neurons in the Drosophila brain are specified based on
cell lineages according to (1) lineage origin, (2) hemilineage identity, and (3) GMC birth
order.
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Genetic mosaic studies in the complex CNS are greatly enhanced by twin-spot MARCM,
which permits unique labeling of not only mutant clones but also their paired wild-type
sister clones. Visualizing the wild-type sister clone reveals where and when the mitotic
recombination has occurred and therefore provides information about the prospective cell
fate of the mutant clone of interest. This way, one can unambiguously detect temporal cell
fate transformation involving adjacent neuron types in a rapidly changing neuronal lineage.
For instance, the demonstration of the transformation of the 11t temporal fate of the adAL
lineage to the next temporal fate upon loss of Krupple (Kr) requires the identification of the
exact single-neuron clone made by the Kr mutant GMC that normally yields the 11t type of
adAL PN %0 (Fig. 6). Validating the temporal requirement of Chinmo in the LN hemilineage
of the IAL lineage also depends on the detection of a chinmo mutant LN with wrong
temporal identity as judged from the temporal fate of its paired wild-type PN 49. Chinmo is
required for proper temporal fate specification of the paired PN as well. But loss-of-Chinmo
has transformed the PN to a PN derived from a much later-born GMC as compared to the
transformation into the immediate next temporal fate on the LN side 4°. These observations
illustrate how sister neurons made by the same intermediate precursors may acquire distinct
temporal cell fates through differential responses to common temporal fating factors (e.g.
Chinmo). In sum, further sophisticated MARCM technologies have enabled the
retrospective tracking of individual precursors and their developmental fates by clonal
analysis. Moreover, all the clones obtained by MARCM can to some degree be genetically
customized such that one can immediately study the molecular mechanisms governing any
MARCM-enlightened developmental phenomena of interest.

Conclusions and Future Perspectives

Cell lineage analysis in Drosophila has been primarily carried out through clonal labeling
that allows one to determine retrospectively the progeny derived from a common precursor.
Clones generated through mitotic recombination are particularly informative in the
characterization of dynamic and heterogeneous pools of precursors for multiple reasons.
First, any clone regardless of the clone size, including a single-cell clone, can in theory be
ascribed to some precursor that divided during the time of clone induction. Second, it allows
independent tracking of sister cells, if properly marked, derived from the precursor that
underwent mitotic recombination, providing the necessary sublineage information for
documenting sister fate differences. Third, one can manipulate gene functions independently
in the sister cells rendered homozygous for distinct homologous chromosome arms that
carry different mutations and/or transgenes, for genetic mosaic studies of organism
development based on cell lineages.

Over the course of ~20 years, both strategies of clone induction and methods of clone
labeling have evolved extensively to meet experimental challenges. The introduction of
FLP/FRT-mediated site-specific mitotic recombination has drastically improved the
efficiency and the temporal or spatial control of clone induction. Mitotic recombination at
defined genomic loci further guarantees the genotypes of the derived homozygous daughter
cells, ensuring the linkage of all genetic elements distal to the FRT sites for reliable cell-
autonomous marking of clones. The detection of homozygous sister clones within
heterozygous organisms first involved marking clones with no expression or two-fold higher
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expression of a ubiquitous reporter than the background. MARCM was then established to
allow unique positive labeling of only one of the paired sister clones, providing the
necessary clarity for clonal analysis in the complex nervous system. Twin-spot MARCM
ultimately granted the ability to label sister clones in distinct colors in an otherwise
unstained background, enabling comprehensive lineage analysis of the CNS.

The contemporary FLP/FRT-based genetic mosaic system and numerous follow-up
improvements were made possible due to the awesome power of fly genetics, the
development of P element-mediated transgenesis, and the versatility in transgene expression
control with the GAL4/UAS binary induction system. As newer sophisticated genetic/
genomic/transgenic toolkits become available 1525354 we should establish even more
powerful genetic mosaic and lineage tracing systems. Clearly there is room for optimization
in the production as well as visualization of homozygous clones in heterozygous organisms.
For example, we need combined and improved spatial and temporal control of FLP activity
to target specific precursors so that the resolution of our lineage tracing and mosaic studies
come ever closer to provide ‘real-time’ data about cell division and genetic requirements. In
addition, we would love to determine and unambiguously trace independent clones that
coexist and intermingle. Concurrent analysis of overlapping clones is essential for
reconstruction of composite tissue development, to unveil possible developmental plasticity
and intricate clone-clone interactions.
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Figure 1. Timeline of Drosophila genetic chimerasand cell lineage analysis
Major advances in Drosophila cell lineage analysis through gynandromorphy (within blue

box), irradiation-induced mitotic recombination (within orange box), or FLP/FRT-mediated
site-specific recombination (within green box) are shown chronologically. All the modern
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genetic mosaic tools were established via germ line transformation, which was made

possible by Rubin and Spradling in 1982.
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Figure 2. Genetic mosaics by site-specific mitotic recombination
(A) A heterozygous parental cell can give rise to two distinct daughter cells homozygous for

different alleles of genes and transgenes residing distal to the site of mitotic recombination
(orange triangles: FRTSs; recombination between FRTs requires FLP). The resulting
homozygous daughter cells and their offspring can be distinguished from the surrounding
heterozygous cells based on the copy number of the marker transgene (green). One can
further enrich clones homozygous for the recessive x mutation by incorporating a dominant
slow-growing Y mutation onto the otherwise wild-type homologous chromosome arm.

(B) A schematic heterozygous wing disc (light green) carries a large x/x mutant clone
(unmarked) paired with a tiny Y/Y sister clone (dark green). The mutant clone shows growth
advantages due to the absence of the dominant slow-growth Y mutation.
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Figure 3. MARCM and discrete sizes of neural clones
(A) MARCM allows the derivation of homozygous mutant cells devoid of the GALS80

transgene (plum) following site-specific mitotic recombination. Depending on the GAL4
(blue) expression pattern, subsets of GAL80-negative mutant cells can be uniquely labeled
by UAS-reporter (green).

(B) A neuronal lineage forms as one neuroblast (NB) repeatedly bud off ganglion mother
cells (GMC) that each divide once to produce two post-mitotic heurons which often acquire
distinct binary cell fates (A versus B) due to differential Notch signaling. Given this general
pattern of neurogenesis, MARCM allows labeling of either a multi-cellular NB clone or a
two-cell GMC clone following mitotic recombination in a dividing NB and marking of
either A or B neuron as a single-neuron clone if mitotic recombination occurs in a dividing
GMC. Note only post-mitotic neurons are marked in the panels given the transient nature of
precursors.

(C) Dual-expression-control MARCM allows differential labeling of distinct populations of
GAL80-minus cells via use of two independent GAL80-repressible binary transgene
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induction systems (e.g. GAL4/UAS & LexA::GAD/lexAop). Green: GAL4+ & LexA::GAD
—; red: GAL4- & LexA::GAD+; yellow: GAL4+ & LexA::GAD+.
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Figure 4. Twin-spot unique labeling techniques
(A) Twin-spot MARCM involves two repressible marker genes (UAS-RFP vs. UAS-GFP)

that are respectively silenced by a corresponding transgenic miRNA (UAS-RFPi vs. UAS-
GFPi) in heterozygous cells. miRNAs (little Pacman eaters) repress the expression of
reporters in heterozygous cells. Opposing de-repression of either marker gene can occur in
the sister cells derived from a heterozygous precursor, when the miRNA transgenes residing
distal to FRTs (orange triangles) are differentially lost.

(B) Twin-spot generator allows reconstitution of distinct reporter genes (GFP vs. RFP)
following site-specific recombination, which can be segregated into distinct daughter cells
for differential labeling. Note the heterozygous mother cell is shown in light yellow to
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indicate the fact that recombination without segregation could result in co-expression of
both reporters in heterozygous cells.

(C) Coupled MARCM involves two independent pairs of transcriptional activators and
repressors. GAL80 (GAL4 repressor) and QS (QF repressor) reside on the apposing
homologous chromosome arms distal to FRTs. Mitotic recombination leads to respective
loss of GALS80 and QS from the two distinct homozygous daughter cells that can be
differentially labeled by GAL4-dependent UAS-GFP versus QF-dependent QUAS-RFP.
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Figure 5. High-resolution neuronal lineage analysis by twin-spot MARCM
(A) The adult Drosophila brain (gray) carries neurons with different characteristic

morphologies that arise in clones from specific NBs. Exemplified in this illustration are
representative neurons present in two antennal lobe (AL) NB clones (dashed
circumferences). The anterodorsal AL (adAL) lineage yields distinct uniglomerular
projection neurons (PNs), which each target one of the 50 or so AL glomeruli and then
project through the MB calyx into the LH (e.g. the right-hemisphere blue neuron). Besides
making uniglomerular PNs that target a different set of AL glomeruli (e.g. the left-
hemisphere blue neuron), the lateral AL (IAL) lineage generates diverse AL local
interneurons (LNs, e.g. the orange neuron) plus various non-AL PNs (e.g. the green neuron)
that connect other neuropils. To map individual neurons and further elucidate the origins of
neuron diversity requires tracking single neurons serially made by a common NB.

(B-D) Systematic analysis of GMC clones (red) paired with NB clones (green) of different
sizes allows mapping of the serially derived neurons in the adAL lineage. Only one of the
sister neurons derived from each adAL GMC survives into the adult stage, as the NB clones
consistently associate with a single-neuron GMC clone. Notably, the uniglomerular adAL
neurons that innervate different AL glomeruli are born sequentially in a defined order from
the adAL NB. For instance, the VM3-, 1-, and DL2v-targeting neurons are born at the early
(B), middle (C), and late (D) stages, respectively. Scale bar: 10 pm.
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(E) The IAL NB clone (cell bodies marked with black asterisks) exhibits complex
morphologies. Differential labeling of twin neurons derived from common GMCs
consistently reveals one PN (magenta) paired with one LN (green) in the IAL lineage.
Distinct PN/LN pairs are selectively recovered following clone induction (blue asterisks) in
different two-hour windows after larval hatching (ALH), suggesting neuron fate
specification based on the GMC birth order and the A/B binary fate decision. Scale bar: 10
um.
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Figure 6. L oss-of-function mosaic analysis of neuronal temporal identity
(A-D) In the wild-type adAL lineage, the VA7I and VA2 uniglomerular PNs are born

sequentially (A), as twin-spot MARCM labeling (B) shows pairing of the smallest VA2-
containing NB clone (C) with the VA7I-targeting PN (D).

(E-H) By contrast, the Kr mutant single-neuron GMC clone (green) paired with the
equivalent VA2-containing wild-type NB clone (magenta) redundantly innervates the VA2
glomerulus (E-G). This chronologically abnormal phenotype argues for the acquisition of
the next VA2 temporal cell fate by the prospective VA7 PN (H). Scale bar: 10 pum.
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