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SUMMARY

The proper size of epithelial tubes is critical for the function
of the lung, kidney, vascular system and other organs, but
the genetic and cellular mechanisms that control epithelial
tube size are unknown. We investigated tube size control in
the embryonic and larval tracheal (respiratory) system of
Drosophila A morphometric analysis showed that primary
tracheal branches have characteristic sizes that undergo
programmed changes during development. Branches grow
at different rates and their diameters and lengths are
regulated independently: tube length increases gradually
throughout development, whereas tube diameter increases
abruptly at discrete times in development. Cellular analysis
and manipulation of tracheal cell number using cell-cycle
mutations demonstrated that tube size is not dictated by
the specific number or shape of the tracheal cells that

constitute it. Rather, tube size appears to be controlled by
coordinately regulating the apical (lumenal) surface of
tracheal cells. Genetic analysis showed that tube sizes
are specified early by branch identity genes, and the
subsequent enlargement of branches to their mature sizes
and maintenance of the expanded tubes involves a new set
of genes described here, which we call tube expansion
genes. This work establishes a genetic system for
investigating tube size regulation, and provides an outline
of the genetic program and cellular events underlying
tracheal tube size control.

Key words:Drosophilg Tracheal system, Tubulogenesis, Epithelial
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INTRODUCTION

identifying and characterizing the genetic programs governing

epithelial sac formation, sprouting and growth of the primary,

Animals depend upon epithelial and endothelial tubes teecondary and terminal branches, and tracheal tube fusion
transport gases and liquids in the body, and the sizes of tiieviewed by Shilo et al., 1997; Metzger and Krasnow, 1999).
tubes are critical for their transport function. Tube size musAlso, branch identity genes that specify differences among
be controlled not only during tube formation but throughoutprimary branches have been characterized (Samakovlis et al.,
development in order to maintain functionality as the animal996a; Kuhnlein and Schuh, 1996; Vincent et al., 1997,
grows. For example, the human aorta expands approx. 100-foldappner et al., 1997; Chen et al., 1998). However, little is
between embryonic and adult life to keep pace with increasdahown about the genetics and cell biology of tracheal tube
circulatory demand: the adult aorta has a diameter larger thdormation and tube size regulation.
the entire embryo at the time of its formation. Most Several features of the tracheal system make it an excellent
fundamental questions about tube size regulation, howevesystem for investigating the mechanisms of tubulogenesis and
remain unanswered. How are the sizes of tubes specified? Hoube size control. First, the tubes are simple in structure. They
are the sizes and shapes of the constituent cells coordinatecate an epithelial monolayer and hence lack complexities
construct tubes of the correct size? How do cells measure th@roduced by the multilayer structure of most vertebrate tubes
diameter and length of the tubes that they form? Whanhcluding blood vessels and the bronchial tubes of the lungs.
cytoskeletal and extracellular-matrix components are used ®econd, each tube is composed of only a small number of
form and maintain cells in tubular shapes? How are theseells, each of which can be followed during development
components regulated to adjust tube size during developmern(®amakovlis et al., 1996a). Finally, powerful genetic and

The Drosophila tracheal (respiratory) system provides agenomic approaches can be applied to identify and analyze
tractable model system for investigating these questions. Thebulogenesis genes. Because fundamental mechanisms
tracheal system arises from clusters of ectodermal cells thebntrolling epithelial tube outgrowth and branching are similar
invaginate to form epithelial sacs from which branchesn Drosophilaand vertebrates (Metzger and Krasnow, 1999),
sequentially sprout, extend and interconnect. This createsitsseems likely that other aspects of the process, including tube
ramifying network of approx. Qubes that transports oxygen formation and size regulation will also be conserved.
throughout the larval body (reviewed by Manning and In this report, we describe morphometric, cellular and
Krasnow, 1993). Substantial progress has been made @enetic studies of tracheal tube growth during embryonic and
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larval life, as well as a screen for mutants with tracheal tub®tal DT length strongly correlate®<10™%) with embryo length in
size defects. The results establish a genetic system fold-type stage 14 and 16 embryos and in the tube expansion mutants;
investigating tube size regulation, and provide an outline of th@tal DT length was therefore normalized to embryo length to reduce

genetic program and cellular events underlying tracheal tugge effect of variability in embryo size. Tube diameter and wall
thickness were determined from confocal images using a 100

size control objective and 0.5-0.7um steps between confocal sections. For
longitudinal sections, dimensions were determined in the section with
the maximal lumenal diameter at the point halfway between the DB

MATERIALS AND METHODS and the TC of the next segment anterior. For tangential sections,
dimensions were also determined at the halfway point, but to avoid

Fly strains overestimation minimal lumen diameters and corresponding wall

1(2)k13717 1(2)k11012 1(2)k04223 1(2)k06507 1(2)03953 and thicknesses were used.
1(3)06524 were obtained from the Berkeley Drosophila Genome Measurements of larval tracheal tube sizes were made on air-filled
Project, megatrache¥E8% and meg&A%” from Norbert Perrimon tracheal tubes in living larvae anesthetized with ether and imaged
(Perrimon et al., 1989 and personal communication) gaaded*>° using DIC optics. Images were captured and analyzed using IP Lab
from Nir Hacohen (N. Hacohen and M. K., unpublishdidistered Spectrum (Signal Analytics Corporation). To determine tube lengths,
(prunedy*84(Guillemin et al., 1996)pointed'®8 (Scholz et al., 1993), larvae were manipulated so that the tube to be measured was aligned
andescargo®%6 (Whiteley et al., 1992) are null allelesmadillo"®35>  in a single horizontal plane; no corrections were made for minor
is a null allele and RfmS14-9 is a mutanarmtransgene that provides out-of-plane deviations. Staged larvae were obtained by selecting
arm signaling but not junctional function (Orsulic and Peifer, 1996).individuals from developmentally synchronized populations (siblings
In cycAeo01l4gnimals, nuclear cycle 16 is converted to an endocyclérom a 1 hour egg lay) that had just hatched, entered or exited a molt,
resulting in half the normal number of cells with twice normal ploidyor begun pupating. Hypoxic L3 larvae were obtained by rearing
and size (Sprenger et al., 199@ncapd and dacapd>*4 are null  freshly hatched L1 larvae in 5%@ntil they reached L3.
alleles and cause many cells to undergo an extra round of division Tube diameters are lumenal diameters except where noted.
without commensurate cell growth (de Nooij et al., 1996; Lane et alReported values are means and standard error of the mean (s.e.m.). In
1996). The N72btl-GAL4 driver expresses GAL4 throughout the many cases, the s.e.m. is small and not visible in the figures.
tracheal system (Shiga et al., 1996) and P127::GAL4 driver expresses . o
GAL4 in tracheal fusion cells (Steneberg et al., 1998). Theocreen for tracheal tube mutations and characterization of
UAS::srcGFP responder expresses a membrane-associated GHEenotypes
fusion protein (Kaltschmidt et al., 2000). UAS-DPP has beerApproximately 1100 RécZ] insertion lines (Torok et al., 1993) were
described (Wappner et al., 1997)eve-1is a P[acZ] insertion in  screened for tracheal defects dac expression by staining embryos
trachealesghat expressef-galactosidase in tracheal cell bodies andwith 2A12 and antB-galactosidase antibodies. Also, selected mutants
nuclei (Perrimon et al., 1991). Canton-S was the wild-type strain. from the PlacZ] screen of Samakovlis et al., (1996a) were examined
for tracheal tube formation and size defects. Lines with tracheal
Histology and immunohistochemistry tube size or shape defects were rebalanced with marked balancer
Antisera 2A12 and TL1, and embryo fixation, staining and staginghromosomes, and tracheal phenotypes of homozygotes were
procedures are described in Samakovlis et al., (1996a). Other antis@alyzed after staining with 2A12 and TL1 antisera. Salivary gland
used were: AS55 (Reichman-Fried et al., 1994), anti-crumbs mAbnd hindgut morphologies were visualized by TL1 staining. Gross
Cg4 (Wodarz et al., 1995), anti-DSRF(Blistered) mAb 2-161 (fromembryo and gut morphologies were normal in all mutant lines
M. Gilman), antiB-galactosidase (Capel), anti-green-fluorescentdescribed here excef®)k13717 which occasionally failed dorsal
protein (anti-GFP) mAb GFP-20 (Sigma), anti-Trachealess antiserugiosure, and(2)03953 which had abnormal gut constrictions and
(Wilk et al., 1996), and anti-Coracle antiserum (Fehon et al., 1994jooping.
Confocal images were captured and analyzed using an MD2010 Cytological positions of the mutants were determined by
confocal microscope and ImageSpace software (Moleculagomplementation tests for viability and tracheal phenotype with

Dynamics). deficiencies on chromosomes Il and Il (Bloomington Drosophila
_ _ Stock Center). Non-complementing deficiencies wE03953b —
Morphometric analysis Df(2L)TW161, Df(2L)TW84; 1(2)04223 — Df(2L)Dwee-delta5;

To measure embryonic tracheal tube sizes, wild-typé-eve-1+ 1(2)k11012b -Df(2R)CX1 (hemizygous tracheal phenotype weaker
embryos were stained with TL1 or mAb 2A12 and @ati- than homozygous);|(3)06524 — Df(3L)ZN47; gnarled*®® —
galactosidase or anti-Trachealess, mounted in Permount (FishBf(3R)by62. The tube expansion mutations complemented the
Scientific), and imaged by confocal microscopy. Mounting infollowing alleles: 1(2)03953 — diaphanou®-5l; [(2)k11012b —
Permount or other non-aqueous media caused an approx. 30short stofG010. k5405, 2. 81 masterminéS75l. 2 |(3)06524 —
reduction in size compared to live embryos, however, it did not appedlrifter(8129, E822D] - K| p64D92, 6b. N72, L733.27, L733.34, ABN1Z3]
to affect relative tube sizes or otherwise alter tracheal morphologgnarled®® — hyperplastic disc®, 1(3)s2681 dalmatiari®4,
Cell numbers were determined by counting Trachealess-positivisving01436, 02414]

nuclei in confocal images. Lumen diameters and lengths were

measured in anfi-galactosidase-stainetleve-1+ embryos (stage

12-14, 17 wild-type embryos) or in 2A12-stained embryos (all others RESULTS

Because mutant phenotypes progressively worsen during

development, all comparisons of mutants to wild type were done ogharacterization of tracheal tube growth during

carefully staged stage 16 embryos (four in-line gut lobes). Tube |e“9ﬂ1’evelopment

was determined by tracing the three-dimensional path of the tu beqin t derstand h heal tube size i lated
through confocal sections. Segmental DT length was measure egin to understand how tracheal tube size Is regulated, we

between adjacent transverse connectives (see Table 1 for brarfdlg@sured the sizes of the primary tracheal branches at different
names and abbreviations). Total DT length was measured from tiféages in development and under different environmental
anterior DT in tracheal segment 1 (Trl) to the junction of DT andconditions. At the end of embryogenesis, just before the
transverse connective (TC) in Tr10. Regression analysis showed tHaaicheal system becomes functional, each branch has a
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Table 1. Tracheal tube sizes

Branch™ Diameter (um)* Length (um)* Aspect Ratiof  Cells
Larv. Larv.
Emb L Emb L Embryo Larva
éD/B mbryo arva Emb. mbryo arva Emb. Y
DTa DTp Dorsal trunk anterior (DTa) ~ 4.4:04 3222 7 . . . . .
TC 312 430+20" 13.8 6.3 13 23
Dorsal trunk posterior (DTp)  5.5:04 362 7

VB Dorsal branch (DB) 0.8:01 35s:01 4 50.3  330:0 65 63 93 3t

Transverse connective (TC) 1.7+02 1341 8 57+3 49050 85 34 38 12

LTp R

LTa Visceral branch (VB) 12:01 1421 11 494 nd.  nd. 41  nd. 7
GB Lateral trunk anterior (LTa) 0.7z01  7.1:02 10 342 30060 8.7 49 42 47

Lateral trunk posterior (LTp) 0.6:01  6.9:04 12 192 150+20 7.8 32 22 3t

*°Branch locations are shown in schematic (Tr5 segment, embryonic stage 16).

*Diameter and length values (mean + s.e.m., n > 5) for segment Tr5 at embryonic stage 17 and the end of the third larval instar.
#Length/diameter

*Combined value for Tr4 DTp + Tr5 DTa

TFrom Samakovliset a., 1996a

characteristic size and shape (Table 1). The lumenal diametaran change abruptly at the boundaries between branches. For
of different branches ranged from 0.6 tqu®, their lengths example, the diameter of the dorsal trunk (DT) in tracheal
ranged from 20 to 60um, and their aspect ratios segment Tr5 was seven times bigger than that of the dorsal
(length/diameter) ranged from 6 to 60. The size variation fobranch (5.5um versus 0.81m), and the transition occurred
each branch from individual to individual was typically 15%precisely at their junction. Although branch diameter was
or less of the average value, indicating that branch size rglatively constant along the length of most branches, some
precisely specified. That the size of each branch is regulatathiowed a significant and characteristic taper. For example, DT
independently is emphasized by the finding that tube diametdiameter decreased by approx. 20% across each segment.
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Fig. 1. Tracheal tube growth during development. (A) Plot of dorsal trunk (DT) diameter (in segment Tr9), DT length (total)\ardedrans
connective (TC) diameter and length (in Tr5) during embryonic (E, see inset) and larval (L1, 2, 3) development. Tubecleagths in
continuously while diameters expand only during brief intervals. The apparent increases at hatching are an artifactossaltibgyo
shrinkage during mounting (see Materials and Methods). Error bars are meanzs.e=8-2ar (B,C) Projections of confocal images of stage
14 and 16 embryod{eve-1+) with tracheal cells labeled in ret-éve-13-galactosidase marker) and tracheal lumen in yellow/green

(TL1 antigen in B; 2A12 antigen in C). Note the large increase in DT diameter (arrow) between stages 14 and 16, ancethe Tiwteagth
(bracket). (D) Close up of a portion of the DT during the L1/L2 molt. Note the small, gas-filled L1 cuticular tube (arrde/shénbigger L2
cuticular tube (arrowheads), showing the stepwise increase in DT diameter at the molt. The L2 tube is in the procesgthfdaisnfyom
posterior (right) to anterior (left); dots mark the gas-liquid interface. The L1 cuticle will be removed at the end of tBarndum (for

B,C), 10um (for D).
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Fig. 2.Independence of tracheal tube size and cell number. (A) Scatter plots comparing cell number to tube diameter (leftyightemgth (

DT segment Tr2 (DT2) and Tr9 (DT9) at different developmental stages and genotypes as indicated. Note that neither hapeliangter
correlates with cell number. WT (stage 14) and WT (stage 16), mean for stage 14 and stage 16 wildttgpe-drcembryosmega mean

for stage 16negatrache®9’ mutantscycA mean for the approx. 50% of stagec¥6linA"e0114Df(3L)vin3 mutants in which primary

branching occurred; failure of primary branching in the others is presumably an indirect effect because many of theseezengrgssiyv
abnormaldap (mean)dap(max.) anddap (min.), mean, maximum and minimum number of cells in stagtatépd anddacapd*>4mutants.

For all measurementss9-11 and s.e.m. values (not shown) wet8% of the mean. (B) Comparisons of cell number to tube size for the DT
and TC in stage 14 and 16 wild-type embryos. Note that although cell number remains constant between stages 14 andnifeitanel dia
lengths increase. Values shown are means and s.e.m. for DT9 (for DT diameter), for the sum of cell counts in DT2, DT&nahithiDXdal

DT length (for DT length), and for TC5 (for TC length). All values have been normalized to those at stage 14 (DT9 celBitihper10);

DT9 diameter, 2.1+0.im (n=7); DT 2+5+9 cell number, 83+2%7); total DT length, 194+im (n=17); TC5 cell number, 15+1€10); TC

length, 28+0.4um (n=16)). Total DT length measurements were further normalized to embryo length (stage 1441868=47); stage 16,
361+4pum (n=21)) to reduce the effect of variability in embryo size (see Materials and Methods). Length and diameter values at stage 16 we
all significantly different (p < 189 from those at stage 14 by two-tailed Students T tests. (C) Comparisons of cell number to tube size in the
cell-cycle mutantsycAanddapat stage 16. Genotypes are described in A and values were normalized as described in B except that stage 16
WT was the reference value (embryo lengtlysA 366+4.9um (n=9); dap, 364+6.2um (n=9)). Note that tube diameter and length do not

vary with cell number. Althougtap mutations caused a reduction in DT diameter, this effect was not due to the increased cell number since
DT diameter was reduced even in mutant DT segments with fewer than normal cetlagégn.) in A). Becauséap mutations affect

virtually all tissues, the reduction in DT diameter may be indirect.

The tracheal system grows extensively during developmengstages 14-16; Fig. 1A-C). Diameter then remained constant
All primary branches arg2 um in diameter when they first for the rest of embryonic life and throughout the first larval
bud in the embryo at stage 12 (data not shown), but are up period, but increased abruptly again at each larval molt (Fig.
40 times bigger in the mature larva (Table 1). The kinetics 0fA,D). The same discrete periods of dilation were observed for
tube growth during embryonic and larval life were analyzed fothe TC except that the embryonic expansion occurred 3 hours
two branches, the DT and transverse connective (TC) (Fidater than for the DT (Fig. 1A and data not shown). DT
1A). There were three important findings. First, branches didiameter increased a total of 40-fold, from 1.5 tquBVvin Tr9,
not gradually increase in diameter but instead underwermind TC diameter increased 16-fold, from 0.8 tqut8in Tr5
discrete periods of expansion at specific times duringFig. 1A).
development. DT diameter was constant during the 3 hours of Second, growth in tube length occurred with distinctly
primary branch budding and outgrowth (embryonic stages 1different kinetics than growth in diameter. The lengths of the
to 13), but tripled during a 3 hour period in midembryogenesi®T and TC steadily increased throughout embryonic and larval
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Fig. 3. Tracheal cells with different
shapes form tubes of the same
diameter. Lateral view of a portion «
the DT at a fusion joint in a
P127::GAL4; UAS::srcGFP embryc
double labeled to show cell junctior
(Coracle protein; red) and the two
fusion cells that compose the fusiol
joint (GFP; green). (A,B) Montage ¢
confocal sections, with A showing the
red channel (cell junctions) and B showing both red and green channels (cell junctions and fusion cells). Inset in Blisiawagia fusion
junction showing that fusion cells completely surround the lumen. (C) Schematic representation of B. DT lumen (see FRghb%B)gray.
Despite the very different structure of fusion cells (doughnut-shaped) from other DT cells (cobblestone-shaped), thelydfafthe tsame
diameter. Bar, fum (for A, B) and 7.5um (for inset).

life, in contrast to the discrete periods of diameter expansiothat paralleled the reduction in overall body size seen under the
(Fig. 1A). Thus, tube length and diameter are independentlyypoxic condition. Similarly, in larvae with an approx. 50%
regulated. reduction in body size due to a mutation in dghéco insulin

Third, tracheal tubes did not grow proportionately duringreceptor substrate gene (Bohni et al.,, 1999), DT and TC
development. The length and diameter of each branctiameters were unchanged from wild type (55+2 and 1@n1
expanded to different extents, so the shape of each branithchic? versus 57+2 and 13#lm in wild type) while their
changed as it grew (Table 1). For example, the aspect ratio leihgths were reduced by 27% (2800+80 and 330420in
the DT increased from 6 to 13 during the larval period, whilechicd? versus 3800+120 and 460+@n in wild type). Thus,
the aspect ratio of the posterior lateral trunk (LTp) decreasedifferences in oxygen physiology and generahigo
from 32 to 22. Thus, both the size and shape of each brandependent) growth control have little or no effect on tube
undergo programmed changes during development. diameter but can influence tube length.

The complex and stereotyped changes in tracheal tube size o )
suggest that tube size is controlled by a hardwiredube size is not controlled by the number, size or
developmental program. We tested whether oxygen physiologdverall shape of the constituent cells
can influence the program because it is known to regulaffo begin to elucidate the cellular mechanisms of tracheal tube
another important aspect of tracheal development, thgize control, we examined the relationship between cell
sprouting of tracheal terminal branches (Jarecki et al., 199%Mumber and tube size. One obvious means of controlling tube
We compared DT and TC branch size between larva reared $ize would be to regulate the number of cells that constitute the
normal (21%) or low (5%) oxygen, a condition that stimulatesube. Indeed, each major tracheal branch is composed of a
terminal branching. There was little effect of oxygen on tubeharacteristic number of cells (Samakovlis et al., 1996a).
size: the diameters of the DT in Tr9 and TC in Tr5 were noHowever, cell number was not tightly correlated with tube
significantly changed by hypoxia (52+2 and 13#h versus length or diameter (Fig. 2A; Table 1). Furthermore, because no
5742 and 13+Jum in normoxia), and there was only a small significant cell division or death is detected in the tracheal
(approx. 16%) reduction in DT and TC length (3200+60 andystem after embryonic stage 11 (Fig. 2B; Samakovlis et al.,
380+£10pum versus 3800+120 and 460+p®n in normoxia) 1996a), the dramatic expansions of the tracheal tubes that occur

Fig. 4.Regulation at the apical surface of tracheal ce
during tube growth. (A-D) Confocal images of stage
embryos {-eve-1/4 showing longitudinal sections of
the DT in segment Tr5 (A) and Tr9 (B), and cross-
sections through the TC in Tr7 (C) and Tr9 (D). Trac
cell bodies are stained ret-¢ve-13-galactosidase
marker). Note apical (lumenal) surfaces of the cells i
regular and form even tubes while basal surfaces ar
irregular, and lumens are not symmetrically located
respect to the cells. (E-H) Projections of confocal im
of longitudinal sections through the DT in segments
and Tr9 at stages 14 and 16 as indicated. Tracheal
are stained redl{eve-1Imarker) and lumens are staine
green/yellow (TL1 antigen in stage 14, 2A12 antiger
stage 16). Note that as the DT expands from stage :
16, DT lumenal diameter increases substantially wh
diameter at the basal surface changes little, and cell
become thinner. Cell thickness decreases from 3.5+ DT2 DTO9 LT5

pum (range 1.3-5.3)=14) to 1.9+0.2um (range 1.0-3.3,

n=28) in DT2, and from 4.0 £.02m (2.9-5.7n=14) to 3.1+0.3um (range 1.6-4.8)=28) in DT9. (I) Fusion joint in the lateral trunk in Tr5,
stained as in E-H. The internal diameter of the tube formed by the LT fusion cellqufx)ds710 times smaller than the tube formed by DT
fusion cells in H. Brackets— ), locations of fusion junctions. Bam4(for A,B,E-I), 5um (for C and D).
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mutants described below. We conclude that tracheal tube size
A is controlled independently of cell number.

f Y The cycA and dap results also imply that tube size is not
controlled by rigidly specifying the size and shape of each
tracheal cell. Because varying cell number using these cell

t : cycle mutations causes reciprocal effects on cell size (de Nooij
1

wr 4 btl > DPP et al.,, 1996; Lane et al., 1996; Sprenger et al., 1997) but no
§ corresponding effects on tube size, tracheal cells of different
sizes and shapes must be able to form tubes of similar size.
This is also evident in wild-type trachea at the regions where
DT branches fuse to generate a long continuous tube. Each
segment of DT is composed of multiple cobblestone-shaped
cells (Fig. 3A), whereas each fusion joint consists of two
toroidal cells (Fig. 3B; Samakovlis et al., 1996b). Despite these
very different cell shapes, both form tubes of precisely the
same diameter (see Fig. 4). Fusion cells at other joints in the
tracheal system also have a toroidal structure, but form tubes
with diameters 10 times smaller than those of DT fusion cells
(compare Fig. 4H to 4l). Together, these results show that
tracheal tube size is not dictated by the number, size or overall
shape of the cells that compose the tube.

esgG66 (fusion)

arm® (fusion) L]

Fig. 5. Tracheal tube size is altered by changing branch identity but Type size is controlled at the apical surface of
not by changing branch sprouting or fusion. (A) Lateral view of a  racheal cells

ortion of the wild-type tracheal system (stage 16) stained for the . - . .
gAlZ lumenal amig)é?]_ Note DT d)i/amete(r (a?rows)) is much greater 10 gain further insight into the cellular basis of tracheal tube
than that of DBs (arrowheads). (B) Similar view of an NBg2 growth, we examined some of the structural changes that occur
GAL4; UAS-DPP embryo in which DPP was misexpressed in tracheal cells during the embryonic dilation of the DT.
throughout the tracheal system. This changes the identity of the ~ Several observations suggest that the critical focus for tube size
presumptive DT cells and causes them to migrate with the DB cells control is the apical (lumenal) surface of the cells. First, the
and form narrow diameter tubes (arrows). The ends of these hybrid apical surface of the tracheal cells was smooth and regular
branches show anomalous branching (*). (C,D) Reg‘ion of wild-type throughout the period of DT dilation, implying a high degree
trachea stained for TL1 (C) or 2A12 (D) lumenal antigens. of control, whereas the basal surface was very irregular (Fig.

DT diameter increases dramatically between stages 14 and 16. :
(E-H) Similar views of the trachea at stage 16 in mutants thatdisrupftlA’B)' Second, the apical surface of tracheal cells, although

(E) secondary branching (Samakovlis et al., 1996a), (F) terminal ltself highly regular, did not occupy a co_nsistent position with
branching (Guillemin et al., 1996), or (G,H) branch fusiesg( respect to the basal surface or cell bodies and was often seen

Samakovlis et al., 1996hArm*, this work). None of the mutations displaced to one side of the epithelium (Fig. 4A-D). Third and

significantly affect DT dilation or the sizes of other primary most importantly, during DT dilation, while the inner diameter
branches, even when DT segments are disconnected as in G and of the tube (apical surface) increased dramatically, there was
H. Most DT segments are also disconnecteehi®® embryos, and little change in the outer diameter of the tube (basal surface)

these also dilated approximately normally (not shown). C-Fand  (compare 4E to F, and G to H). The thickness of the epithelium
arm*, arm'D39Y; P[armS14-C]/+ (see Materials and Methods). Bar: approx. 2um (see Fig. 4 legend). Thus, there appears to be
7 Hm (for A,B), 10um (for C-H). precise and coordinate control of the apical surface of tracheal
cells during DT dilation, but little regulation of the basal
surface.

during embryonic and larval life must take place without
change in cell number. Genetic control of tracheal tube size

To verify that cell number does not dictate tube size, w&he characteristic sizes and growth kinetics of each primary
manipulated cell number using mutations in cell cycle genelsranch suggest that tube size is regulated as part of the overall
cyclin A(cycA anddacapo(dap) (de Nooij et al., 1996; Lane identity of each branch. Previously, the DPP and EGF signaling
et al., 1996; Sprenger et al., 199¢)cAmutations arrest the pathways and several downstream transcription factors have
cell cycle before the last embryonic cell division, decreasingpeen shown to be expressed and active in different primary
cell number by half. Tracheal branches in mapgAembryos  branches and to control certain aspects of primary branch fate
formed with half the normal number of cells yet had normakuch as cell migratory and adhesive behavior (Vincent et al.,
diameters and lengths (Fig. 2C). dap mutants, embryonic 1997; Wappner et al., 1997). We found that misexpressing DPP
cells undergo an extra round of division and there were neartfroughout the tracheal system not only caused DT cells to
twice the normal number of tracheal cells in some branchesdhere to and migrate with dorsal branch cells as previously
(Fig. 2C). Despite the increased cell number, primarshown, but also caused them to form narrow-diameter tubes
branching occurred normally and branch sizes did not increasige the dorsal branch (Fig. 5B). Similar effects are seen upon
(Fig. 2A,C). In addition, we found that tube size was increaserhisexpression ofknirps and knirps-relategd downstream
up to 60% without increasing cell number in the tube expansiotargets of DPP signaling (Chen et al.,, 1998). Thus, DPP
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WT cystic We identified specific molecular markers that change

expression when the embryonic tubes start expanding. The
lumenal antigen TL1 is expressed throughout the developing
tracheal system as primary branches bud and grow out, but
C D expression turns off at the end of stage 14. This is when
primary branching is completed and the branches begin to
dilate and steadily elongate (Fig. 6A-C). About this time, two

other lumenal antigens, 2A12 and AS55, begin to be expressed
throughout the tracheal system (Fig. 6E-G,I-K). In the next

section, we describe a set of mutants defective in expansion
and expression of some of these expansion markers, providing
evidence that tube expansion is a genetically distinct phase of

AS55 ’;_\_5 _ﬂ#* _ 27\ the tube size control program.
I : -
/! | A set of genes required for tracheal tube expansion

and maintenance

To identify additional genes involved in tube size control, we
screened several large collections oflaé4] transposon
insertion lines for mutations that altered tracheal tube size and
shape without disrupting general embryonic morphology (see
Materials and Methods). Nineteen mutations were found.

M f r N _; .‘ e o Three additional mutations that cause tracheal tube size defects
/ 9 were provided by N. Perrimomegatrache®*%7. VE89% and N.
wr

Early Late
St. 14 St. 14 St. 15 St. 15

A B

T

.'Ira’.l

: Hacohen gnarled*®9. We focus here on the nine mutations
bulbous iad that appear to be specific for tube size because they did not
affect other aspects of tracheal development including primary
Fig. 6. Expression of tube expansion markers in wild type and tube branch budding and outgrowth or branch fusion. All nine
expansion mutants. (A-L) Expression of TL1, AS55 and 2A12 mutations were recessive, and complementation tests for their
tracheal luminal antigens during stages 14 and 15 in wild-type and tracheal functions showed that they define eight different
cysticmutant embryos. The expression of the markers changes — ganes. We assigned chromosomal locations to five of the genes
dramatically during this 2 hr period, as DT dilation begins. by complementation tests with chromosomal deficiencies

(A-C) TL1 expression is strong from stage 11 (not shown) through . :
stage 14 and weak or off from stage 15 onwards. (D) TL1 turns off (Table 2). The tracheal phenotypes of these five mutations

normally in thecystictube expansion mutant. (E-G) AS55 expressionWhen hemizygous over deficiencies were not significantly
begins at early stage 14 in the DT, and is strongly expressed in all Stronger than when homozygous, indicating that these
branches by stage 15. Dashed lines outline tracheal tubes not mutations are strong loss-of-function or null alleles. None of
expressing the marker. (H) In thgsticmutant, AS55 fails to be these mutations had any obvious effect on the morphology of
expressed. (I-K) 2A12 expression begins in late stage 14, initially asswo other tubular epithelial organs, the salivary gland and
punctate cytoplasmic staining in the DT. It is strongly expressed in hindgut (data not shown).
the lumens of all branches by stage 15. (L) Incsticmutant, early The tracheal phenotypes of the nine mutants are summarized
Eﬂgrcéitseioixgzsb?gﬁtOghﬁ?ul)zéiprﬁggﬁlnbgft ;Zellza;er:til;(rennei?]al in Table 2. All of the mutations caused irregular and variable
ganglionic branches of stage 16 wild-type embryo (M) and the tr_ache_al tubular mqrphologles, with local con_strlcthns ar]d/or
bulbousmutant (N). Note the irregularities and gaps in 2A12 stainingd'la,tatlons (eXpanS_'onS beyond the normal dimensions) in a,"
in the mutant. Bar: 1Am (for A-N). major branches (Fig. 7B-I). The defects were most severe in
cystic mutants, where regions of the tubes more than twice
normal diameter alternated with severe constrictions (Fig. 7B).
signaling can specify the sizes as well as migratory anBor all of the mutants, the lumen near the end of some of the
adhesive properties of tracheal branches. smaller branches, particularly the ganglionic branches,
Once the early signaling pathways specify branch fates, homppeared to be discontinuous due to failure of the associated
is this information translated into tubes of particular sizes? Thizgacheal cells to form or maintain a lumen or express the 2A12
previously defined genetic programs of primary (Samakovlis dumenal antigen (compare Fig. 6M to N).
al., 1996a; Sutherland et al., 1996), secondary (Hacohen et al..Developmental analysis of the mutants using the TL1 and
1998) and terminal branch outgrowth (Guillemin et al., 1996PA12 markers showed that early events in tracheal
and branch fusion (Samakovlis et al., 1996b) are unlikely to beorphogenesis including tracheal sac formation, budding and
directly involved because they show different spatial andutgrowth of primary branches, lumen formation, and branch
temporal patterns of activity than the tube size changegusion occurred normally (Table 2). The expression of the
Furthermore, primary branch sizes were largely unaffected iterminal branching gergistered(Guillemin et al., 1996) was
mutants in the secondary, terminal, or fusion programs (Fig. 5Edso normal. The first morphological defects occurred at the
H). For example, in fusion mutants, disconnected DT segmenénd of embryonic stage 14 as tube expansion begins. DT fusion
still expanded normally (Fig. 5G,H). Thus, tube size andells commonly failed to expand their lumens as much as the
expansion appear to be controlled by a program that operatbd segments they connect, resulting in periodic constrictions
largely in parallel to the branch outgrowth and fusion programsalong the DT that gave it a characteristic ‘sausage link’
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A B ‘ ] C Fig. 7.Phenotypes of tracheal tube expansion mutants. (A-I) Close

>3 | up of a representative region of the DT and TC (Tr5, 6 or 7) in wild

i type and eight tube expansion mutants. Trachea were stained for
2A12 antigen except theysticmutant (B), which fails to stain with
2A12 and other tracheal-specific lumenal antisera but retains some
reactivity to mab Cg4 against the general apical epithelial marker
Crumbs. Note the dilatations (arrowheads) and constrictions (dots) in
the tubes. Also note that in most mutants the DT is too long and
follows a tortuous path. (J,K) DT segments Tr2-6 in stage 16 wild-
. type andneg&”97embryos. The DT is long and tortuousnega
_‘ cystic mutants. (L) Quantitation of the increase in DT length in segments
1 Tr2, Tr5, and Tr9 of stage I6eg&A%’ embryos. Posterior segments
D ; are affected more than anterior segments. (M,N) Dorsal trunk (Tr7-9)
in gnarled*>%embryos stained for 2A12 antigen. Early tracheal
development is normal (not shown), but the phenotype progressively
worsens from stage 15 onward. At stage 15 (M), the DT tubes are
slightly enlarged with constrictions at each fusion joint (dots), giving
it a ‘sausage link’ appearance. By stage 17 (N), the DTs are too long
and have dilatations and constrictions all along their lengths. Bar: 5
pm (for A-1), 10pum (for J,K,M,N).
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mutants at the beginning of stage 15 (data not shown).
However, in all of the mutants excegpfstic the DT lengthened
more than normal over the next 3 hours and, by stage 16,
followed a long and convoluted path (e.g. compare Fig. 7J and
K). There was no accompanying increase in cell number (see
Table 2 legend). Again, not all branches were affected equally
by the mutations. For example, none of the mutations
substantially increased the length of TC (Table 2) and, in
mutants with increased DT length, the posterior DT was
affected significantly more than the anterior (Fig. 7K, L and
data not shown).

We examined the effect of the mutations on expression of
the tracheal expansion markers described above. The
downregulation of the TL1 antigen at the beginning of the
expansion period occurred normally in all mutants, as did the
transient early cytoplasmic expression of the 2A12 antigen
(Fig. 6D,L; data not shown). However, mutations in seven of
the eight genes caused defects in the subsequent lumenal
accumulation of 2A12 antigen (Fig. 6L,N; Table 2), and three
affected expression of the AS55 antigen (Table 2). The defects
were most severe iaystic mutants, which lacked almost all
AS55 staining and all 2A12 lumenal staining. The other
mutants showed poor or delayed staining primarily in the
ganglionic and dorsal branches. Thus, AS55 and 2A12 antigens
lie genetically downstream of most of the identified genes.

The above analyses indicate that the eight genes defined by
appearance (Fig. 7M). The phenotypes became progressivehis group of mutations are specifically required for proper
more severe as the animals developed and, by stage 16, the BAcheal tube expansion and maintenance of the expanded
and other branches showed irregularities in diameter all alortgbes, and most are required for normal expression of
their lengths (Fig. 7B-1,N). However, not all branches wereexpansion markers. We refer to these genes as tube expansion
affected equally by all mutations. For example, the DT imgenes.
megatracheamutants had relatively few constrictions or
dilatations, whereas other primary branches showed marked
abnormalities (compare the DT and TC in Fig. 71). Also,DISCUSSION
although the mutations caused defects throughout the tracheal
system, none of the mutants completely abolished tube siZ® establish a tractable genetic system for investigating
regulation because many branches or portions of branchepithelial tube size control, we analyzed the growth of
retained their normal diameter. Drosophila tracheal tubes using morphometric, cellular and

Most of the mutations affected tube length as well agenetic approaches. Our major conclusions are: (i) tracheal
diameter, and in somenggatracheandconvolutedlit was the tubes undergo reproducible changes in size during
more prominent effect (Table 2). DT length was normal in aldevelopment, and their diameters and lengths are regulated

gnarled (St. 1'5)
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A genetic pathway for tube size control

To begin to elucidate the tube size control program, we carried
out genetic studies that included both an investigation of the
roles of known tracheal genes and a screen for new genes
involved in the process. These studies indicate that tube size is
controlled by a genetic program that is distinct from, and
functions largely in parallel to, the previously characterized
programs controlling branch outgrowth and fusion. The genetic
analysis combined with our morphometric results suggests that
the tube size control program can be divided into two major
phases: an early phase in which tube size is specified and

Dilation Elongation <& —— Physiology tracheal cells assemble into small tubular structures, and an

(cystic) expansion phase in which the diameter and length of the tubes
2A12 grow to their mature sizes (Fig. 8). There may also be a
ASS5 stabilization phase that fixes tube diameter for the extended

Size stabilization periods between dilations.

The evidence that tube size is specified early as part of the
positional identity of each branch is as follows. First, the
that act later in the pathway. Branch identity genesdiiemight timing, rate and extent of tube size changes were characteristic

control the expression or activity of one or more expansion genes. for each primary branch, and small differences between
Most expansion genes are in turn required for proper expression of Pranches were apparent as soon as branches formed. Second,

the 2A12 and AS55 antigens, which are therefore placed downstreati€ environmental and physiological variables tested had little
in the hierarchy. There must be additional inputs to the hierarchy thaffect on branch diameter. Third, branch diameter can be
coordinate branch expansion with branch budding and outgrowth  substantially altered by misexpressing early tracheal genes that
events and other events in the animal, such as the hormonal signalsspecify other aspects of primary branch identity. Misexpressing
that trigger the larval molts and associated tracheal dilations, and thpPP in the developing tracheal system (Fig. 5B), or
physiological signals that regulate overall growth of the anibm|. misexpressing its downstream targetspsandknirps-related
branchlessbt, breathless (Chen et al., 1998), not only switched DT adhesive and cell
migratory behavior as previously shown (Vincent et al., 1997;
separately, (ii) there is a specific genetic program governing/appner et al., 1997), but also caused the cells to form small
these changes that is distinct from the previously characterizetiameter tubes like the dorsal branch. Thus, branch identity
tracheal branching programs, and (iii) tube size appears to lpenes such adpp and its targets appear to specify tube size
controlled by coordinate regulation of the apical tracheal cetilong with other characteristics that distinguish different
surfaces, rather than by specifying the number or overafirimary branches.
structure of tracheal cells. We discuss the evidence for and Several lines of evidence support the proposition that
implications of each of these, and propose an outline of thexpansion is a second distinct phase of tracheal tube size
tube size control program along with molecular models focontrol. Expansion is temporally distinct from and has different
how it may regulate tube size. kinetics than the initial budding and tube formation events.
During budding, small groups of tracheal cells migrate toward
Tracheal tubes undergo programmed changes in Branchless FGF signaling centers, assembling into small
size and shape during development diameter tubes as they migrate (Sutherland et al., 1996). The
Like other tubular organs, tracheal tubes grow dramaticallgxpansion to larger diameter tubes does not begin until four
as the animal grows during development, expanding up to 4tburs later when the migrating branches reach the Branchless
times their initial size by the end of larval life. Our FGF signaling centers and expression of the signal ceases. At
morphometric analysis revealed a high degree of regulatioime same time there are marked changes in the rate of branch
and modularity in the control of this growth. Although all elongation as branches begin lengthening by a mechanism that
tracheal branches are interconnected and form a continuodees not involve directed cell migration. There are also changes
epithelium, each branch behaves as an independent uriit, expression of specific molecular markers. The 2A12 and
growing at its own rate and to its own extent duringAS55 markers turn on at the onset of expansion, as does the
development. Furthermore, the diameter and length of ead¥iotch-ligand Serrate (Ikeya and Hayashi, 1999), while the TL1
branch are separately regulated: diameter increased abruptharker turns off. Most importantly, we identified genes
at discrete times in development, whereas length increasegecifically required for expansion. In all the identified
gradually throughout development. Diameter and length alsmutants, primary branch outgrowth and initial tube formation
expanded to different extents, so the shape of the branchesre normal, but all of the mutants showed defects in tube
changed as they grew. Thus, the larval tracheal network is nsize and shape that manifested as expansion began, and
simply an enlarged version of the one that initially forms inprogressively worsened. The similar phenotypes and timing of
the embryo, but rather each branch in the network ithe defects suggests that these gene products act together in a
specifically remodelled during development to create th@rocess(es) that is specifically required for expansion and/or
mature structure. The magnitude and timing of the changesaintenance of the expanded tubes. We speculate on what that
were highly reproducible, implying that they are process might be and how it might be regulated in the next
developmentally programmed. section.

Fig. 8. Model for tracheal tube size control. Genes in the pathway
may be organized hierarchically, with early genes regulating genes
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Table 2. Summary of tube expansion mutant phenotypes’™
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(EA97, VEB96)5

TPhenotypes of stage 16 embryos. For all mutants, early tracheal development, including primary branch budding and outgrowth, lumen
formation and morphology, and TL 1 antigen expression occurred normally during stages 11-14. Expression of the terminal branching
marker Blistered (DSRF) was also normal at all stages and tracheal branches fused at the correct stages to form the contiguous tubular
networksin al of the mutants. —, normal; +, mild; ++, moderate; +++, severe.

Icytological positions determined by deficiency mapping.

2EMS, ethyl methanesulfonate; P (map position), P element insertion at indicated position; P*, mapped P insertion site not at location of
mutation.

3values shown (mean £ s.em., n > 5) have been normalized to stage 16 wild-type values as described in Fig. 2. Values different than WT
(p<0.005) arein bold. Valuesfor DT cell number, TC5 cell number, and em bryo length (see Fig. 2 legend; mean + s.em., n = 5-10) were:
cyst 62+5, 13+0.6, 360+6 um; gnar 77+2, 14+0.5, 350+3 um; vari: 75+1, 13+0.4, 340+3 um; bulb 70+3, 12 +4, 360+4 um; ecta 72+2,
12+0.8, 334+8 um; sinu 76x3, 15 +£0.7, 340+5 um; conv 66+2, 12 +1, 330+3 um; mega 73+1, 14+0.3, 390+4 um.

4Defects included non-stai ning regions of ganglionic branches and/or delayed or reduced staining in the dorsal or other branches.

SEA97 and VEB96 phenotypes were indistinguishable.

The tube expansion program consists of at least twitracheal tube size is not dictated by cell number or the specific
subprograms, one controlling tube length and the other tulshape of the cells that compose the tubes. There was not a tight
diameter. This is implied by our morphometric analysis, whictcorrelation between the size of a tracheal tube and the number
showed that tube diameter and length expand at different time$ cells in it, and altering cell number using cell cycle
and with different kinetics. Furthermore, branch length, but natutations did not affect tube size. Furthermore, the dramatic
diameter, was influenced by alterations in environmentaéxpansions of the tracheal tubes in the embryo and larva
oxygen levels and by a mutation in ttlgcoinsulin-pathway  occurred without changing cell number, and tube sizes were
growth control gene. Conversetysticmutations caused gross altered in tube expansion mutants without affecting cell
abnormalities in DT diameter without affecting DT length.number. Because tracheal tubes of identical size were formed
Together, these results imply that there are separat®y different numbers of cells with very different shapes and
mechanisms and genetic controls for tube length and diametsizes, tracheal tube size is not controlled by preprogramming
Although each dimension is regulated separately, the genetiice overall shapes of the constituent cells. Instead, tracheal
results imply that diameter and length control have mangells in a given branch must collectively adjust their shapes to
common components because mutations in seven of the eigbtm a tube of the specified size.
tube expansion genes affected both tube length and diameter.A second important implication of our cellular analysis is

that tracheal tube size appears to be controlled by coordinate
Cellular mechanism of tube expansion and the role regulation of the apical cell surface. The apical surface formed
of tube expansion genes an even lumenal surface, whereas the cell bodies and basal
An important conclusion from our cellular analysis is thatsurface were irregular and not highly organized. During the
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tracheal expansion in the embryo, tube diameter at the apicaéxt molt. Remarkably, tracheal tube elongation continues
surface increased greatly whereas the diameter at the basabbated after cuticle deposition, so there are apparently
surface expanded little and remained irregular throughout thmechanisms that allow tracheal cuticle to increase in length
expansion. Furthermore, the lumenal surface maintained awithout perturbing its radius of curvature. In this model,
even circular profile but was not centered with respect to thexpansion genes might encode components or regulators of the
cell bodies and basal surface. These observations suggest tegtracellular matrix and its attachment to the cell surface.
the tube formed by the apical cell surface acts as an In the third model, expansion would be driven by secretion
independent structure that is functionally isolated from otheor a pressure-generating process inside the lumen. The balance
parts of the cells. This in turn predicts that some of the geneetween this expansive force and inward constraining forces
products controlling tracheal tube size will act on, or be locatediould determine the rate and extent of expansion of each tube.
at, the apical surface. Although many molecular mechanismBhe constraining forces could be provided by the plasma
for regulating the apical surface are possible, we suggest threembrane or an apical actin ring. In this model, expansion
plausible models. genes might encode the secretory machinery or pressure-
In the first model, the apical cytoskeleton of the tracheafenerating system, or components of the restraining apparatus
cells is the critical structure that determines tube size. Aor other molecules that maintain tube integrity during
appealing paradigm for this is the ring canals that interconneekpansion. Clearly, other models and combinations of the
the nurse cells and oocyte durifgrosophila oogenesis above models are possible. Molecular characterization of the
(reviewed by Cooley, 1998). Ring canals are annular actirexpansion genes may help distinguish among them.
based structures that assemble underneath the plasma _ )
membrane at sites of incomplete cytokinesis. During a 3-dajube size control in other organs and its
period of oogenesis, the actin rings dilate from 1 tut0in  implications for medicine
diameter, similar in scale to some of the tracheal tube dilation¥he characteristic sizes and shapes of the epithelial tubes in
Ring canal expansion is an active process requiring the Src&értebrate organs suggest that, as inDhesophilatracheal
and Tec29 kinases (Guarnieri et al., 1998; Roulier et al., 1998)ystem, tubes sizes are carefully controlled. This regulation
It is possible that equivalent cytoskeletal structures underlie thaust be maintained throughout development because the tubes
apical surface of the tracheal cells and control the diametet§ most organs, including the lung, vascular system and kidney,
and lengths of tracheal tubes. For example, the addition @xpand dramatically in length and diameter as animals grow
removal of actin filaments, or the sliding of filaments relativefrom embryos to adults. Although the cellular, genetic and
to one another, could both regulate and provide the motivmolecular mechanisms that underlie tube size specification and
force for dilating or constricting the tubes. Alternatively, thegrowth have not been systematically investigated for vertebrate
radius of curvature of the constituent filaments could b@rgans, Fankhauser (1945) found that the size of salamander
regulated to adjust ring diameter. An important difference fronkidney tubules is independent of the number and size of the
the oocyte is that, whereas oocyte ring canals are fullgonstituent cells, as we found fBrosophilatracheal tubes.
intracellular structures, the large tracheal tubes have multipRecently, a set a. elegansnutants were described with renal
cells surrounding the lumen, so there would need to be soneell tubule defects similar to the tracheal tube defects that we
way of connecting and coordinating the apical cytoskeletopbserved in the tube expansion mutants (Buechner et al., 1999).
between tracheal cells. There would also have to be sonWhether these parallels extend to the molecular level is not
means of regulating longitudinally oriented filamentsknown. It will be important to discover how many distinct
separately from circumferential filaments to allow independentellular and molecular pathways there are for tube size control
control of tube length and diameter. In this model, tubend the extent to which they have been conserved in different
expansion genes might encode components or regulators afgans and animals.
the actin cytoskeleton, or molecules that mediate the Understanding and ultimately manipulating the cellular and
communication between cells. molecular processes that control tube size has important
In the second model, the apical plasma membrane amdedical implications. For example, elucidating the genetic
extracellular matrix that lines the lumen would dictate tracheatontrol of blood vessel size could aid in development of agents
tube size and shape. A paradigm for this model is the systetiat enlarge existing blood vessels and enhance circulation to
that controls the shape @f. elegans Mutations that cause ischemic tissues. Tube size control programs might also
worms to be shorter and fatter, or too long, have been isolat@dovide new targets for treatment of aneurysms or for anti-
(reviewed by Kramer, 1997), and many of these affect genemgiogenic therapies to keep tumor blood vessels or other
encoding collagens found in the extracellular matrix andinwanted vessels small. Given the conservation of most
cuticle surrounding the worm. The matrix is stiff and thoughfundamental biological processes, homologueBrosophila
to act structurally as an exoskeleton. In the tracheal tubes, thébe size control genes might provide an entry for such studies.
extracellular matrix would form an internal scaffold, moulding o
the apical surface of the epithelium surrounding it into a tube. e thank the members of the laboratory, Daria Siekhaus and Doug

There would have to be ways to modify the structure of thg2 bl A EaRien B e B e e L o e
(Tamxt to tf%rm d'ﬁzret?]t Slzet rngs tlc:j %eneratte Slﬁeren.tlalleles, respectively; Sung Kay Chiu, Nir Hacohen, Gerard Manning
lameter tubes, an ne matrix- wou ave 10 be easlly,j christos Samakovlis for assistance in screening; Amy Beaton, the
remodeled to allow rapid adjustment in tube size during th@erkeley Drosophila Genome project, the BloomingBrosophila
tracheal dl|atI0nS. After eaCh d||a.t|0n, traCheal tubeS becon@tock center, Nick Brown, Bruce Edgar’ Rich Fehon’ Ernst Hafen’
lined with cuticle; the conversion of an easily remodeled matrixswar Hariharan, Todd Laverty, Elisabeth Knust, Pat O'Farrell, Mark
to stiff cuticle would presumably fix tube diameter until thePeifer and Benny Shilo for information and/or reagents. G. J. B. is a
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