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Finally, Zone 4 cells did not show any signs of proliferation, nor
did they incorporate EdU at the L3 stage, consistent with their
arrest in G2 (Ninov et al., 2007; Roseland and Schneiderman,
1979). Furthermore, our mitotic clone analysis shows that when
clones are generated in Zone 4, as described above, they contain
one or two cells at most, while their synchronous clones in other
zones are much larger (Fig. 3F), suggesting that Zone 4 cells are
arrested in the cell cycle and do not proliferate during larval stages.
Spiracular histoblasts of Zone 4 start proliferating during
pupariation along with the rest of the abdominal histoblast nests to
generate the adult abdominal epidermis (Ninov et al., 2007), and
as they do not contribute to the functional adult airways, they will
not be considered further in this study.

In conclusion, our cell cycle analyses reveal that Zone 1 SB
tracheoblasts enter the endocycle and start differentiating in late
L3; Zones 2 and 3 tracheoblasts proliferate, with Zone 2 cells
proliferating at a faster rate; and Zone 4 cells do not proliferate
but remain arrested in G2 and begin proliferating during pupal
stages.

Cut-expressing cells are the progenitors of all the
different cell types of the late L3 SB
Our developmental analysis of SB morphogenesis indicates that SB
tracheoblasts arise from few embryonic progenitors that proliferate,
differentiate and migrate (Fig. 2). The diversity of the SB cell types
at the L3 stage could arise either during development or it could be
established at the embryonic stage if cells in different locations are
already destined to generate a single cell type/zone. Furthermore,
our cell cycle analysis suggests that Zone 2 corresponds to a
growth zone. To understand the potency of the SB cells at different
developmental stages, we decided to generate a fate map of the
various SB cell types. Thus, we performed lineage analysis
experiments using the ‘FLP-out’ lineage tracing method (Struhl and
Basler, 1993). This method allows permanent -galactosidase
labeling of cells (referred to as LacZ+ cells) that activate the
FLPase (see Materials and methods) and, in combination with the
Gal4-UAS system (Brand and Perrimon, 1993), permits the tracing
of cells that express a Gal4 of interest. To trace the fate of the
different zones of SB cells, we expressed FLP with (1) cut-Gal4
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Fig. 4. SB larval tracheoblasts originate from multipotent embryonic Cut-positive cells. (A-A�) Early lineage clone of a UAS-FLP/cut-Gal4;
UAS-srcGFP/act5C-FRT-stop-FRT-lacZ larva reared at 25°C; the Gal4 expression domain is GFP+ (green in A,A�) and the lineage-traced cells are LacZ+
(red in A,A�). All SB cells are LacZ+. (B-B�) Late lineage clone of a UAS-FLP/cut-Gal4 tub-Gal80ts; UAS-srcGFP/ act5C-FRT-stop-FRT-lacZ larva kept at
18°C and shifted to 29°C 3 days before dissection; only cells in Zone 3 are LacZ+. (C,C�) X-gal staining of the adult abdomen of a UAS-FLP/cut-Gal4;
UAS-srcGFP/act5C-FRT-stop-FRT-lacZ animal reared at 25°C, showing LacZ+ cells in the spiracles and tracheal tubes. C and C� correspond to surface
and internal focal planes, respectively. (D)X-gal staining of adult abdomen of a UAS-FLP/cut-Gal4 tub-Gal80ts; UAS-srcGFP/act5C-FRT-stop-FRT-lacZ
lineage-traced animal showing restriction of signal to the spiracles. (E-E�) Early lineage clone of a UAS-FLP; btl-Gal4 UAS-srcGFP/act5C-FRT-stop-FRT-
LacZ larva reared at 25°C; the Gal4 expression domain is GFP+ (green in E,E�) and the lineage-traced cells are LacZ+ (red in E,E�). The presence of
LacZ+ cells in Zone 3 indicates that early btl-Gal4-expressing cells contribute to Zone 3. (F-F�) Late lineage clone of a UAS-FLP/tub-Gal80ts; btl-Gal4
UAS-srcGFP/act5C-FRT-stop-FRT-lacZ larva kept at 18°C and shifted to 29°C 3 days before dissection; only cells in Zone 1 are LacZ+, indicating that
at this stage the SB cells are restricted. (G,G�) X-gal staining of adult abdomen of UAS-FLP/tub-Gal80ts; btl-Gal4 UAS-srcGFP/act5C-FRT-stop-FRT-lacZ
lineage-traced animal showing restriction of the LacZ+ cells to the tracheal tubes. (G�)Twofold magnification of E. In C,D,G�, red arrowheads
indicate the spiracles and yellow arrows indicate the tracheal tubes. In A,B,E,F, DAPI is blue. Scale bar: 20m in A-B�,E-F�.
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(Bourbon et al., 2002), which faithfully recapitulates Cut protein
expression in the larval tracheal system starting in the embryo (it
is expressed in all SB progenitors in the embryo and its expression
is maintained in Zones 2 and 3, Fig. 2A,B); and (2) btl-Gal4
(Ohshiro and Saigo, 1997), the expression of which begins in SB
cells during early L3 at the SB/TC junction and is maintained in
Zones 1 and 2 (Fig. 2D-J). Thus, expression of cut-Gal4 and btl-
Gal4 is complementary and the two overlap in Zone 2. Using both
drivers, we induced two types of lineage clones: (1) early clones in
which FLP expression is initiated at the time of Gal4 activation;
and (2) late clones in which FLP expression is regulated by Gal80ts

and activated at the early L3 stage.
To assess whether the embryonic Cut-positive SB cells (Fig. 2A)

are the progenitors of the L3 SB tracheoblasts, we generated early
clones and found that all late L3 SB tracheoblasts in Zones 1-4 are
LacZ+ (Fig. 4A). Furthermore, when we followed the fate of these
lineage clones in adults, early clones gave rise to the adult external
respiratory organs, the spiracles, as well as the gas-transporting
tracheal tubes (Fig. 4C). By contrast, when we induced late clones,
LacZ+ cells were restricted to Zone 3 (Fig. 4B) and contributed
only to the spiracles (Fig. 4D), indicating that at the time of clone
induction the different SB zones are already destined to generate
different parts of the adult airways. Thus, Cut-positive embryonic
SB cells are multipotent, give rise to different cell populations in
the L3 larvae and contribute to the entire adult tracheal system,
whereas Cut-positive L3 cells have lost their multipotency and only
contribute to the spiracle.

When we analyzed the fate of btl-Gal4-expressing cells, we
found that late clones were only able to label Zone 1 SB cells at the
late L3 stage (Fig. 4F) and contributed only to gas-transporting
tubes and not to the spiracles in the adult (Fig. 4G). This finding is
consistent with the late cut-Gal4 lineage clones and provides
further proof that Zones 1 and 3 are specified at the L3 stage.
Interestingly, when we induced early btl-Gal4 clones (at the
initiation of Btl expression in early L3), LacZ+ cells were not
restricted to Zones 1 and 2, but were also detected in Zones 3,
indicating that btl-Gal4 cells in the early larvae generate Zone 3
cells in the L3 (Fig. 4E). All 23 SBs with early btl-Gal4 clones
contained LacZ+ cells in Zone 3 and 11 of these contained clones
that were spanning the whole length of Zone 3 and extended in
Zone 4. This further supports the idea that a growth zone (Zone 2)
is established early during development of the SB at the TC/SB
junction, a region where we detected more mitotic activity in L3
(Fig. 3B,E). Thus, the position of SB cells at late L3 specifies their
fate in the adult, with Zone 1 generating the tracheal tubes and
Zone 3 generating the spiracles (Fig. 5). Furthermore, Zone 2
appears to behave as a growth zone at the L3 stage and contributes
to cells in both Zones 1 and 3.

Cut is necessary for SB cell survival and
suppresses tracheal differentiation
The expression of Cut in the multipotent SB progenitors as well
as its dynamic expression in the growing SB indicates that the
protein is important for development of the adult Drosophila
airways. To assess the function of Cut in the developing SB, we
performed loss-of-function as well as gain-of-function
experiments.

To eliminate Cut from SB tracheoblasts, we used a protein
null allele of the gene cutDB7 (Sun and Deng, 2005) to generate
mosaics by conventional mitotic recombination (Xu and Rubin,
1993). This method allows us to compare the size of the mutant
clone to that of the wild-type twin spot. We found that cutDB7

mutant clones contain about half the number of cells of their
wild-type twin spots, with an average of 12.7 cells and 23.6
cells, respectively (n18 clones, Fig. 6D,E). The reduced number
of cells in the cutDB7 mutant clones could reflect either a
decrease in cell proliferation or an increase in cell death. To test
these possibilities, we stained cutDB7 clones with CycA, CycB
and cleaved caspase 3 antibodies to monitor the state of cell
proliferation and cell death, respectively. We found that, whereas
CycB (Fig. 6C,C�) and CycA (not shown) accumulation in
mutant clones remained largely unchanged, a number of cells
showed caspase 3 immunoreactivity (Fig. 6B,B�), whereas in
wild-type SBs we rarely detect apoptotic cells (Fig. 6A). Thus,
in SB tracheoblasts loss of Cut activity is associated with
apoptosis.

To test the role of Cut on the development of the adult
abdominal tracheal system, we used a UAS-cutRNAi transgene that
can effectively suppress Cut protein expression (supplementary
material Fig. S2A) to knock down Cut from different SB
populations. In agreement with the observed apoptosis in the null
clones, when UAS-cutRNAi was overexpressed in the SB cells using
esg-Gal4, which allows expression of the transgene from the
embryonic stage, we observed cell death of the larval SB
tracheoblasts, breaks in the normal tracheal branches and loss of
spiracles as well as necrotic tracheal tissue in the rare adult
escapers (supplementary material Fig. S2B-D). Therefore,
disruption of Cut expression either by tissue-specific RNAi or by
mutant mitotic clones leads to cell death, loss of tissue integrity and
loss of spiracles in the adult.

In addition to, and consistent with, the observation that Cut
expression is crucial for SB development, ectopic expression of a
UAS-cut transgene in the btl-Gal4 domain prevented normal
growth of SB tracheoblasts. More specifically, Zone 1 of SB cells
ectopically expressing UAS-cut under btl-Gal4 consisted of SB
cells with small nuclei (Fig. 6F). As expression of Cut in Zone 1
leads to small cells, it is possible that ectopic Cut might block
differentiation and endoreplication in Zone 1 and therefore
suppress Fzr-lacZ expression. To test this possibility, we induced
FLPout clones overexpressing Cut in Zone 1 and found that they
contain small cells lacking Fzr-lacZ expression (Fig. 6G,H).
Therefore, Cut is sufficient to inhibit differentiation/
endoreplication of Zone 1 cells.

3621RESEARCH ARTICLEDrosophila airway remodeling

Fig. 5. Model of the development of the SB tracheoblasts. Fate
map of the SB tracheoblasts highlighting the destiny of the SB cells in
the larval and the adult tracheal system.
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In conclusion, loss- and gain-of-function analyses show that
the homeobox transcription factor Cut is crucial for normal SB
development and formation of the adult abdominal tracheal
system. In particular, Cut is necessary for survival of SB cells
during development and subsequent morphogenesis of the adult
spiracles and trachea. In addition, ectopic expression of Cut
inhibits tracheal cell differentiation by inhibiting Fzr and
endoreplication.

DISCUSSION
Larval tracheoblasts and the remodeling of
Drosophila airways
Adult organs of holometabolous insects such as Drosophila are
generated by imaginal progenitors that proliferate and differentiate
during larval and pupal stages. Imaginal progenitors can either
generate an adult organ de novo or they can extensively remodel a
pre-existing organ. Organs that are exclusively functional in the
adult such as the wings and legs, are generated de novo, whereas
others (such as the trachea, the epidermis and the muscle) that are
functional throughout life, undergo extensive remodeling during
pupariation in a process during which the larval organ is used as a
scaffold.

The Drosophila adult tracheal system follows the general
framework of the embryonic/larval trachea and consists of the
tracheal tubes and spiracles. During metamorphosis it remains
functional, while at the same time imaginal progenitors extensively
remodel the developing adult airways. At this stage, the Tr6-Tr10
tracheal metameres are lost, and although Tr6-Tr9 are restored in
the adult, Tr10 is not (Whitten, 1980). In addition, during
pupariation, the head and thoracic tracheal system undergoes
dramatic remodeling that results in greatly dilated air sacs that
oxygenate the brain and the flight muscles, respectively (Sato and
Kornberg, 2002; Whitten, 1980). Until recently, it was thought that
the fly trachea was remodeled only by imaginal tracheoblasts
located on the SB (Manning and Krasnow, 1993; Robertson, 1936;
Whitten, 1980). Recent studies, however, have characterized
different populations of tracheoblasts at various positions along the
larval body (Cabernard and Affolter, 2005; Guha and Kornberg,
2005; Guha et al., 2008; Sato et al., 2008; Sato and Kornberg,
2002; Weaver and Krasnow, 2008) such as: (1) the ASP
tracheoblasts located in the adepithelial layer of the wing imaginal
disc that generate the thoracic air sacs; and (2) the Tr2 and DB
tracheoblasts that remodel part of the tracheal system of the thorax
and abdomen, respectively; both correspond to differentiated
tracheal tubes that dedifferentiate to reinitiate a proliferation
program. Therefore, the adult Drosophila tracheal system is
generated both by dedicated progenitors and by de-differentiating
larval cells that reside in various locations in the larval body.

The SB tracheoblasts and the formation of the
abdominal trachea
Our analysis of the morphogenesis of the abdominal SB
tracheoblasts demonstrates that the abdominal spiracles, the
perispiracular epidermis and the trachea are formed through
coordinated proliferation and differentiation of a few multipotent
embryonic progenitors (Fig. 5). Although the common origin of
spiracles and perispiracular epidermis has previously been shown
(Robertson, 1936) using clonal experiments in the abdominal
epidermis, studies of gynandromorphs and microcautery, the fact
that a common progenitor generates not only these tissues but also
the tracheal tubes was not known. More specifically, we show that
the Cut/Esg-positive SB embryonic progenitors proliferate and
differentiate to generate four zones of SB cells by the late L3 stage.
Interestingly, Zone 2 of the SB cluster behaves as a growth zone
during early larval stages and produces progeny that contribute to
all other zones, which later differentiate into different parts of the
functional adult airways (tracheal tubes and spiracles) as well as
the epidermis surrounding the spiracles (Fig. 5). This type of
morphogenesis is strikingly different from that of the embryonic
tracheal system, which does not require cell division, or the
development of the posterior spiracles of the larva, which are
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Fig. 6. Cut is necessary for SB tracheoblast survival and
morphogenesis of the adult airways. (A,A�) Wild-type late third
instar larva stained for Cut (green), caspase 3 (red) and DAPI (blue).
(B,B�) cutDB7 mutant clones (lack of GFP) stained with caspase 3 (red)
and DAPI (blue). (C,C�) cutDB7 mutant clones (lack of GFP) stained with
Cyclin B (red) and DAPI (blue). Cells in the upper clone found in Zone 2
have slightly larger nuclei. (D)Graph comparing cutDB7 mutant clones
with their wild-type twin spots. Cells of 18 mosaic pairs were analyzed
demonstrating that cutDB7 clones contain about half the number of
cells compared with their wild-type twin spots. (E)Graph showing the
average number of cells in cutDB7 clones and their wild-type twin spots
(from D). (F,F�) tub-Gal80ts; btl-Gal4 UAS-srcGFP/UAS-cut larva reared
at 25°C stained for Cut (red) and DAPI (blue). (G-G�) FLPout clones
overexpressing cut (green) in Zone 1 suppress Fzr-lacZ expression (red in
G,G�) and differentiation (small nuclei). DAPI is blue in G,G�. 
(H-H�) Higher magnification view of clone shown in G. Yellow lines
delineate the clone in G,H. Scale bar in C�: 20m in A,A�,F,F�; 10m in
B-C�,G-G�; 5m in H-H�.
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generated by the fusion of specialized epidermal structures with the
tracheal tubes (Hu and Castelli-Gair, 1999; Samakovlis et al.,
1996a).

Here, we present a detailed analysis of the tracheal metameres
Tr4 and Tr5, the SB cells of which are responsible for the
generation of pupal tracheoles in addition to the adult abdominal
airways (Weaver and Krasnow, 2008) (this work). Nevertheless, we
also found that the SB tracheoblasts of all posterior tracheal
metameres (Tr6-Tr10) express the same markers, i.e. Cut, Esg, Hnt
and Btl during larval stages (not shown). These larval cells arise
from the embryonic SB clusters and generate the adult trachea and
spiracles of the posterior abdomen, although they do not contribute
to pupal tracheoles (Manning and Krasnow, 1993; Whitten, 1980).
We have found that the Tr6-Tr10 SB cells are fewer in number
compared with the Tr4 and Tr5, because they contain fewer cells
in Zone 1 (not shown). As Zone 1 cells generate the adult trachea
as well as pupal tracheoles, and the latter are generated early during
pupariation (Weaver and Krasnow, 2008), we expect that the
limited number of Btl cells of Tr6-Tr9 will generate the adult
tracheal tubes.

The role of Cut in SB morphogenesis and airway
development
In the SB tracheoblasts Cut is expressed throughout the progenitor
population at the time of its specification in the embryo, whereas
later during development it displays a dynamic graded expression
pattern. Interestingly, levels of Cut seem to specify different SB cell
populations and growth activities.

Drosophila Cut is a DNA-binding transcription factor with a
unique homeodomain and three Cut repeats (Blochlinger et al.,
1993; Nepveu, 2001). Expression of Cut at the wing D/V boundary,
in postmitotic sensory organs during neurogenesis, cone cells in the
eye, Malpighian tubules, posterior larval spiracles and
differentiated brain neurons, indicates that Drosophila Cut is
generally involved in terminal differentiation (Nepveu, 2001). An
exception is the follicular epithelium of the Drosophila ovary
where Cut is necessary for cell proliferation and regulates the
mitotic cycle/endocycle switch (Sun and Deng, 2005; Sun and
Deng, 2007). Our data on the SB tracheoblasts implicate Cut in cell
division as well as cellular differentiation. Interestingly, graded
expression of Cut correlates with differential growth activities and
differentiation of SB tracheoblasts. Therefore, it seems that Cut is
a crucial determinant of cell fates during remodeling of the
Drosophila trachea.

Importantly, the mammalian Cut homologue Cux1 is expressed
in many tissues, including the lung and kidney, its function is often
associated with cell cycle control (Sharma et al., 2004) and its
expression is elevated in epithelial cancers (Sansregret and Nepveu,
2008). Interestingly, Cux1 knockout mice die shortly after birth
because of delayed differentiation of lung epithelia (Ellis et al.,
2001). Furthermore, in the kidney, Cux1 expression during
development is inversely related to the degree of cellular
differentiation (Vanden Heuvel et al., 2005). Further experiments
that will allow precise manipulation of Cut levels will elucidate the
molecular mechanism of its action in Drosophila and potentially
shed light on its function in mammalian tubular organ
development.

Concluding remarks
We have focused here on the morphogenesis of the abdominal SB
tracheoblasts, the dedicated imaginal progenitors of the adult
Drosophila tracheal system that remodel the airways, and illustrate

how a multipotent population of cells develops through spatially
activated proliferation and differentiation to form a functional adult
tubular organ. As proliferation and differentiation of airway
progenitors are coordinated during SB morphogenesis as well as
during mammalian tubular organ development, studies of the
remodeling of the tracheal system in Drosophila might shed light
on mammalian tubular organ development and homeostasis.
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