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Drosophilaimmune cells transport oxygen
through PPO2 protein phase transition
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Insect respiration has long been thought to be solely dependent on an elaborate
tracheal system without assistance from the circulatory system or immune cells'?.
Here we describe that Drosophila crystal cells—myeloid-like immune cells called
haemocytes—control respiration by oxygenating Prophenoloxidase 2 (PPO2)
proteins. Crystal cells direct the movement of haemocytes between the trachea of
thelarval body wall and the circulation to collect oxygen. Aided by copperand a
neutral pH, oxygenis trapped in the crystalline structures of PPO2 in crystal cells.
Conversely, PPO2 crystals can be dissolved when carbonic anhydrase lowers the
intracellular pH and then reassembled into crystals in cellulo by adhering to the
trachea. Physiologically, larvae lacking crystal cells or PPO2, or those expressing
acopper-binding mutant of PPO2, display hypoxic responses under normoxic
conditions and are susceptible to hypoxia. These hypoxic phenotypes can be
rescued by hyperoxia, expression of arthropod haemocyanin or prevention of larval
burrowing activity to expose their respiratory organs. Thus, we propose that insect
immune cells collaborate with the tracheal system to reserve and transport oxygen

through the phase transition of PPO2 crystals, facilitating internal oxygen
homeostasis in a process that is comparable to vertebrate respiration.

Oxygen is an essential molecule for life*. The ability to transport oxy-
gen has been a key driver of animal evolution. Accordingly, many
oxygen-binding proteins and mechanisms for efficient gas exchange
have evolved in the animal kingdom. In most vertebrates, oxygen is
primarily bound to haemoglobin and carried in red blood cells, which
circulate through the closed circulatory system, holding or releasing
oxygen through the Bohr effect and differential partial pressures of
oxygen*®. Some invertebrates, such as mollusks and a few arthropod
subphyla, possess haemocyanin, a type of oxygen carrier protein that
freely circulates within the haemolymph for convective oxygen delivery
without the assistance of any specificimmune cell types®”. Ininsects,
it had been thought that a densely coordinated tracheal system was
sufficient for gas exchange, and thatimmune cells specialized for res-
piration, or respiratory proteins, were unnecessary>®,

In Drosophila melanogaster,immune cells called haemocytes are
reminiscent of myeloid-lineage blood cells in vertebrates and are
sentinels of innate immunity and stress responses’. There are three
distinct haemocyte populations in Drosophilalarvae: plasmatocytes,
crystal cells and lamellocytes'®. The majority (around 95%) of haemo-
cytes are plasmatocytes, which are most analogous to vertebrate
macrophages™™. Crystal cells, named for their crystalline inclusions,
account for the remaining 5% of haemocytes and have a critical role
in melanization and wound healing; lamellocytes appear only dur-
ing immune activation. Larval haemocytes are derived from two
evolutionarily conserved cell lineages: (1) the embryonic lineage of

haemocytes that circulate in the larval haemolymph or proliferate
and differentiate in haematopoietic pockets of the larval body wall; or
(2) the larval lymph gland lineage through myeloid-like progenitors*¢".

Recentstudies have shown thatlow levels of respiratory gases, includ-
ing oxygen and carbon dioxide, induce the differentiation of a specific
immune cell type in Drosophila®*. However, whether thisis related to
the control of respiration by insectimmune cells hasbeen a critical open
question in the field. Here we describe a cellular pathway involving a
directrole for crystal cellsin oxygen transport and acquisition through
the phase separation and conversion of PPO2 proteins in response to
oxygen variability to ensure animal growth and survival.

Systemic hypoxiainlarvaelacking crystal cells

lozenge™ (I2) Drosophila mutants lacking crystal cells, one of the three
types of haemocytes® 2, were unhealthy and challenging to maintain
compared with the wild-type (WT) flies. While 76% of WT larvae suc-
cessfully progressed through the larval stages, only 34% of [z mutants
survived to the third instar under normal laboratory conditions at
25°C (Fig.1a). This phenotype was also observed in blood-cell-specific
Notchinhibition, in which crystal cell differentiation was specifically
abolished” (Fig. 1a and Extended Data Fig. 1a). Morphologically, [z
mutants or larvae expressing Notch RNAi displayed anincreased num-
ber of thick terminal branches (TTBs) in the trachea under normoxic
conditions (21% O,) (Fig.1b, Extended Data Fig.1b and Supplementary
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Fig.1|Crystal cells control internal oxygen homeostasis, and ambient
oxygen determines haemocytelocalization. a-d, Crystal cellsarerequired
forlarvalsurvival.a, Thelarval survival rates of control larvae or mutant larvae
lacking crystal cellsin normoxia (21% O,). b, Loss of crystal cellsin [z mutants
resultedinincreased tracheal TTBs, which was rescued by hyperoxia (60% O,).
MCP, main cellular process. ¢, Attenuated larval survival rates of [z mutants
recovered under hyperoxic conditions. d, Reduced larval survival rates of [z
mutantin15-mm-depthfood (orange) were rescued by 3-mm-depth food
(blue). e, Theincrease in TTBs of [z mutant was rescued by 3-mm-depth
food. f, Oxygen concentrations modulate the number of haemocytesin

the haematopoietic pocket (sessile) orin the haemolymph (circulation).

Top, schematics of the oxygen control experiments. Bottom, quantification
of circulating Hm!' plasmatocytes (left) or [z crystal cells (right) shown in

Tables 1 and 2). As TTB growth is influenced by internal oxygen
levels®?**, we investigated whether the increased TTB developmentin
[z mutants was associated with oxygen availability. Consistent with
previous reports®, hypoxia (5% 0,) significantly increased the number
of TTBs to numbers comparable with those observed in [z mutants
(Fig. 1b and Supplementary Tables 1 and 2). Culturing [z mutants in
hypoxiadid not furtherincrease the number of TTBs (Fig.1b and Sup-
plementary Tables1and 2). However, hyperoxia (60% O,) completely
restored TTB numbersin [z mutantlarvae to levels similar to WT larvae
innormoxia (Fig.1b and Supplementary Tables1and 2). Furthermore,
thereduced larval survival rate of [z mutants was reversed by hyper-
oxia (Fig.1c). These results suggest that [z”° mutant larvae experience
systemic hypoxia due to the absence of crystal cells.
Drosophilalarvae spend asubstantial portion of their developmental
stage burrowing for food, which potentially exposes them to hypoxic
stress. Considering the reduced larval survival rate and increased TTBs
observed in [z mutants, we hypothesized that burrowing behaviour
and limited oxygen availability during feeding contributed to the
phenotypes of [z mutants. To alleviate the inherent hypoxia, we
introduced a shallow food source (3 mm depth) in a 60 mm dish con-
taining the same amount of food as provided in regular plastic vials
(Methods and Extended Data Fig. 1c). Notably, the survival rate of [z
mutant larvae cultured on the shallow food source was comparable
to that of WT animals (w") raised in plastic vials (food depth, 15 mm)

Extended DataFig.1e. Prep., preparation. g, Haemocytes translocate between
the haematopoietic pocket (sessile) and the haemolymph (circulation) during
acute hypoxia. Top, schematics of hypoxia experiments. Bottom, quantification
of circulating Hml* plasmatocytes (left) or [z* crystal cells (right) shown in
Extended DataFig.1m.Scalebars, 50 um (b and e). Statistical analysis was
performed using Mann-Whitney U-tests (a, ¢, d and f) and one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc analysis (g); NS, not significant;
**p<0.01,**P<0.001,****P< 0.0001. Quantificationof TTBnumbersinband e
isshowninSupplementary Tables1and 2. The boxand whisker plots show the
median (centreline), 25% and 75% (box limits), and the maximum and minimum
values (whiskers). Detailed genotypes, sample sizes, statistics and Gal4 drivers
areshowninSupplementary TableS.

(Fig.1d). Furthermore, the 3-mm-depth food rescued the increased
TTB phenotype observed in [z mutants (Fig. 1e and Supplementary
Tables1and 2). These results indicate that shallow food alleviated the
characteristic hypoxic phenotypes of [z mutants, enabling them to
achieve fitness levels similar to those of WT larvae. Importantly, these
findings suggest that crystal cells have a crucial role in maintaining
internal oxygen levels during burrowing behaviour associated with
feeding during development.

Ambient O, shapes the haemocyte niche
Based on the apparent significance of crystal cells in internal oxygen
level maintenance, we attempted to observe the most striking pheno-
types of haemocytes at varying oxygen concentrations to identify the
mechanisms underlying crystal-cell-mediated oxygen homeostasis.
During larval stages, two types of haemocytes—circulating haemo-
cytesinthe haemolymph and sessile haemocytes colonizing resident
tissues—collectively maintain their numbers (Extended Data Fig. 1d).
Despite their constant movement to and fromresident tissues, the num-
bers of circulating or sessile haemocytes are maintained at constant
levels unless the immune system is challenged® . Under normoxic
conditions, at120 hafter egg laying (AEL), third-instar larvae displayed
consistent numbers of circulating haemocytes when visualized using
markers specific to plasmatocytes (Hml") or crystal cells (Iz*) (Fig. 1f
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and Extended Data Fig. 1e-g). However, when larvae were cultured
under hypoxic conditions, most haemocytes were withdrawn from
circulation, instead accumulating in the haematopoietic pocket, which
comprises segmentally repeated microenvironments for haemocyte
adherenceinthelarval body wall (Fig.1f and Extended Data Fig.le-g).
Conversely, hyperoxia markedly increased the number of circulating
haemocytes, including plasmatocytes and crystal cells, while reducing
sessile haemocytes at the haematopoietic pocket (Fig. 1f and Extended
DataFig. 1le-g). Haemocyte clusters in the posterior dorsal vessels or
posterior spiracles, which serve as additional sites forhaemocyte adher-
ence?, remained unaffected or declined, respectively, in response to
hypoxia (Extended DataFig. 1h,i). The observed changesin haemocyte
behaviour were not associated with cell death, proliferation or altera-
tionsinlarval haematopoiesisin the lymph gland or circulation under
hypoxic or hyperoxic conditions (Extended Data Fig. 1j-1), ruling out
other contributors to the observed haemocyte responses to changes
in oxygen levels.

To investigate haemocyte dynamics in detail, we performed a syn-
chronization experiment with larvae under normoxic conditions at
25 °C, followed by exposure to hypoxiafor different durations (1-24 h)
before dissection and observation at 120 h AEL. Forexample,inthe4 h
hypoxia group, larvae were synchronized and cultured in normoxia
until 116 h AEL, when they were transferred to 5% O, until 120 h AEL. By
measuring the number of circulating plasmatocytes and crystal cells
ateachhour of hypoxia exposure up to 24 h (Methods), we observed a
gradual decrease in the number of circulating plasmatocytes and crys-
tal cellsstarting at1 h of hypoxia (Fig.1g and Extended Data Fig. 1m,n).
Liveimaging of larval haemocytes validated that both plasmatocytes
and crystal cells progressively accumulated in the haematopoietic
pocket withinthe first hour of hypoxia exposure (Extended Data Fig.10).
This gradual decrease in circulating plasmatocytes and crystal cells
continued until the 4 h timepoint, when the lowest numbers of the
circulating population and the highest numbers of sessile haemocytes
were observed (Fig. 1g and Extended Data Figs. 1m,p). Notably, the
number of circulating plasmatocytes and crystal cells naturally recov-
eredtonormallevels after 5to 7 hof hypoxia, followed by subsequent
oscillations, creating a damped oscillatory-like pattern over the 24 h
period (Extended DataFig.2a,b). The total numbers of plasmatocytes
or crystal cellsdid not change during the first 12 h of hypoxia (Extended
Data Fig. 2¢,d), indicating that haemocyte development was not hin-
dered within this timeframe. Thus, our analysis focused on the effects
observed between 1and 7 h of hypoxia (Fig. 1g and Extended Data
Fig.1m,n), when haemocytes translocate at least once.

Under anoxic conditions (0.1% O,), plasmatocytes gradually disap-
peared fromcirculation and did not reappear until after 6 hof exposure.
Theadherence of crystal cells to the haematopoietic pocket observed
at 5% O, was also lost (Extended Data Fig. 2e). Conversely, hyperoxia
maintained a higher number of circulating haemocytes compared with
normoxic conditions (Extended Data Fig. 2f). Together, these findings
demonstrate that haemocyte dynamics are modified by environmental
oxygen levels, leading to coordinated positional changes between the
haematopoietic pocket and circulation.

Tracheadrives haemocyte translocation

The haematopoietic pocket**? represents a complex microenviron-
ment in which multiple cell types, including those of the peripheral
nervous system (PNS), oenocytes (a group of hepatocyte-like cells in
Drosophilalarvae) and the trachea, interact (Extended Data Fig. 2g).
To determine the specific cell type to which haemocytes adhere during
changesinambient oxygen levels, we examined the number of plasmat-
ocytes (Hml') or crystal cells (Iz*) within a 5 pm radius of three repre-
sentative tissues in the haematopoietic pocket after 4 h of hypoxia,
when the highest number of haemocytes was observed in the haema-
topoietic pocket (Extended Data Fig. 1p). Under hypoxic conditions,
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both plasmatocytes and crystal cells displayed an increased associa-
tionwiththetracheaor PNS neurons (Extended Data Figs. 2h,iand 3a),
whereas the proximity of haemocytes and oenocytes remained unal-
tered (Extended Data Fig. 3b,c). There were no significant alterations
inthe length of the trachea or neurons after 4 h of hypoxia (Extended
DataFig.3d), indicating that the enhanced proximity of haemocytes to
the trachea or PNS neurons observed during hypoxiais not attributable
to structural changes in the haematopoietic pocket.

Sensory neurons of the PNS act as a trophic microenvironment
for resident haemocytes by activating the Activin-f3 (Actp)-dSmad2
pathway?®. Inactivating PNS neurons or disrupting plasmatocyte- or
crystal-cell-mediated TGF-B-SMAD signalling through the expression
ofiinterfering RNA (RNAIi) against dSmad2, baboon (babo) or punt (put)
did notalter thereductionincirculating plasmatocytes or crystal cells
observed after 4 h of hypoxia (Extended Data Fig. 3e-g). Moreover,
suppression of oenocyte cell fate by inhibiting the epidermal growth
factorreceptor (EGFR) did not affect haemocyte movement (Extended
Data Fig. 3h). However, when tracheal branching was suppressed by
the breathless (btl) FGF receptor RNAi in the trachea® (Extended Data
Fig. 3i), the number of circulating plasmatocytes and crystal cells
remained comparable to that of the control group after 4 h of hypoxia
(Fig.2a). This phenotype was not mediated by the branchless (bnl) FGF
ligand (Extended Data Fig. 3j,k). These results suggest that haemo-
cytes do not relocate to the haematopoietic pocket when tracheal
branchingis disrupted. Inthe trachea, the levels of hydrogen peroxide
(H,0,)—monitored using roGFP?, afluorescent sensor for intracellular
H,0,—were significantly induced after 4 h of hypoxia (Extended Data
Fig.3l-n). When H,0, in the trachea was reduced by expression of the
reactive oxygen species scavenger, Gtpx, or by an RNAi against Dual
oxidase (Duox)*, haemocyte movement to the haematopoietic pocket
was suppressed after 4 h hypoxia (Fig. 2b and Extended Data Fig. 30).
Moreover, overexpression of Sod2, which catalyses the conversion
of superoxide radicals into H,0,, reduced the number of circulating
haemocytes under normoxia but did not induce haemocyte translo-
cation to the haematopoietic pocket during hypoxia (Extended Data
Fig.3p).

Taken together, these findings demonstrate that H,0, produced in
the trachea within the haematopoietic pocket induces interactions
between haemocytes and the trachea, independent of developmental
adhesion mediated by the PNS neurons.

Crystal cells control haemocyte movement

Given the hypoxic phenotypes observed in [z mutants lacking crystal
cells, we investigated whether crystal cells have a role in mobilizing
haemocytes in collaboration with the trachea in response to varying
oxygen availability. Notably, [z mutants did not trigger the transloca-
tion of plasmatocytes to the haematopoietic pocket after 4 h of hypoxia,
and the number of circulating plasmatocytes remained unchanged
compared with the levels under normoxic conditions (Fig. 2c and
Extended DataFig.3q). Conversely, when plasmatocytes were reduced
by theloss of u-shaped (ush) or string (stg), which selectively suppresses
the number of plasmatocytes®>* (Extended Data Fig. 4a), the remaining
plasmatocytes and crystal cells still disappeared from circulation after
4 h of hypoxia (Extended Data Fig. 4b,c). Furthermore, the reduced
number of plasmatocytes did not alter animal growth or TTB develop-
ment (Extended DataFig.4d,e). These results suggest that crystal cells,
rather than plasmatocytes, are critical for the movement of themselves
and plasmatocytes to the haematopoietic pocket and for internal oxy-
gen homeostasis.

To gain insights into the molecular mechanisms underlying the
crystal-cell-dependent movement of haemocytes to the haemat-
opoietic pocket, we focused on analysing mature crystal cell marker
genes from single-cell RNA-sequencing data*** (Supplementary
Table 3). Among the 20 crystal-cell-enriched genes identified, the
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Fig.2|Thetracheaand crystal cells are required for haemocyte adherence
during hypoxia. a, Inhibition of tracheal development suppressed haemocyte
movement during hypoxia (5% O,). Quantification of the number of circulating
haemocytes (Pxn*plasmatocytes, green; [z* crystal cells, magenta) in controls
or after depletion of tracheal branches by knockdown of the FGF receptor bt/
inthetrachea.b, H,0,inthe tracheawas essential for haemocyte movement
inhypoxia. Quantification of the number of circulating haemocytes (Pxn*
plasmatocytes, green; [z* crystal cells, magenta) by expression of Gtpxinthe
trachea.c, Larvaelacking crystal cells did not trigger plasmatocyte movement
to the haematopoietic pocket after hypoxia. Quantification of circulating
Hml' plasmatocytes in [z mutants under normoxic or hypoxic conditions.

crystal-cell-specific downregulation of seven genes hindered the relo-
cation of both plasmatocytes and crystal cells to the haematopoietic
pocket after 4 h of hypoxia (Fig. 2d,e, Extended Data Fig. 4f-o and
Supplementary Table 4). These downregulated genes included PPO2,
whichencodes aninnateimmune protein catalysing the melanization
process, Metallothionein A (MtnA), fledgling of KpI38B (fok), CG10467,
Antioxidant 1copper chaperone (AtoxI), Coppertransporter 1A (Ctr1A)
and Carbonic anhydrase2(CAH2), whichencodes an enzyme converting
carbondioxide tobicarbonate and protons. Knockdown of PPO1,a PPO2
paralogue thatis equally enriched in crystal cells, did not recapitulate
the phenotype observed using PPO2 RNAi (Extended Data Fig. 4f-i).
Furthermore, the PPOI* or PPO2* null mutants faithfully reproduced
the crystal-cell-specific phenotypes observed with PPOI or PPO2RNAI,
respectively (Extended Data Fig. 4g,i).

Collectively, these findings provide strong evidence for anindispen-
sable role of crystal cells in haemocyte translocation. Furthermore,
three essential elements within crystal cells—(1) the copper-ionregula-
tors, including Atox1, CtrlA and MtnA; (2) the expression of CAH2; and
(3) the involvement of PPO2—are required for crystal cells to induce
haemocyte homing to the haematopoietic pocket.

0, establishes PPO2in cellulo crystals

Mature crystal cells contain endogenous crystallineinclusionsin their
cytoplasm, primarily composed of PPO2 proteins®**’. In our study, we
confirmed the presence of two distinct groups of mature crystal cells:

d,e, PPO2, CAH2 and copper regulators were critical for crystal cell movement.
Crystal-cell-specific downregulation of PPO2, CAH2, MtnA, AtoxI or Ctr1A
inhibited haemocyte movementat 4 h of hypoxia. Quantification of
circulating Pxn* plasmatocytes (d) or 1z* crystal cells (e) in each condition and
genetic background. White bars, normoxia (21% O,); green or magenta bars,
hypoxia (5% 0O,). *P < 0.05. Statistical analysis was performed using two-way
ANOVA followed by Bonferroni’s post hoc test (aand b), one-way ANOVA
followed by Tukey’s post hoc test (c) and Mann-Whitney U-tests (d and e). The
box and whisker plots show the median (centre line), 25% and 75% (box limits),
and the maximum and minimum values (whiskers). Detailed genotypes, sample
sizes, statistics and Gal4 drivers are provided in Supplementary Table 5.

those with crystals and those without any visible crystals (Fig. 3a). Crys-
tal cells with crystals contained various shapes and sizes of crystalline
structuresintheir cytoplasm, specifically labelled by an antibody tar-
geting endogenous PPO2 (referred to as PPO2™*) (Fig. 3aand Supple-
mentary Videos1and 2). Conversely, crystal cells lacking visible crystals
showed PPO2 protein localizationin the cytoplasm (PPO2%*") and no
evidence ofintracellular crystal structures (Fig. 3a and Supplementary
Video 3). Transmission electron microscopy (TEM) further visualized
uniformly arranged crystal lattice structures within crystal cells, dis-
tinguishable from the amorphous, low-density interphase between
the crystal and a compact ribosomal array (Extended Data Fig. 5a).
Notably, liveimaging of crystal cells containing cytosolic PPO2 revealed
spontaneous assembly of in cellulo PPO2 crystals withinan hour, even
without any external stimulation (Fig. 3b and Supplementary Video 4).
We also observed the opposite scenario, in which PPO2¢¥*%! dissolved
into the cytosolic phase during ex vivo culture (Fig. 3b and Supplemen-
tary Video 4), suggesting dynamic phase changes of PPO2 within the
crystal cell. Through detailed analysis of PPO2 localization in crystal
cells under normoxic conditions, we found that 68% of total crystal
cells comprised PPO2 as crystals, while the remaining cell population
showed PPO2inthe cytoplasm (Fig.3c). Further examination of PPO2
protein status based on crystal cell localization revealed that sessile
crystal cells contained a significantly higher proportion of PPO2¢7s%!
(83%), whereas the circulating population displayed only 29% PPQ2¢7s!
under normoxia (Fig. 3d). These proportions, compared with those
of total crystal cells, with 68% PPO2¥*? and 32% PP0O2%"*! (Fig. 3c),
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Fig.3|Oxygen, neutral pH and copper arerequired for the formation of
incellulo PPO2crystals. a,b, Structures of in cellulo crystalsin crystal cells.
a, Crystal cells contain crystals that are composed of endogenous PPO2.
Crystallized PPO2 was found in cubic (top) or cylindrical shapes (middle),
unlesslocalized in the cytosol (bottom). Three-dimensional rendering of
confocalimages (PPO2, red; DAPI, blue). b, Transitions of PPO2 from crystal-
to-cytosolic (top) or from cytosolic-to-crystal (bottom) form. Ex vivo live
imaging of crystal cells expressing PPO2-eGFP. ¢, Quantification of crystalline
(magenta) or cytosolic PPO2 (green) in total (sessile and circulation) crystal
cells.d, Crystal cellsin the haematopoietic pocket (sessile) contained a higher
ratio of PPO2 crystals compared with those in the haemolymph (circulation).
e,f, Compared with WT w'”®, the crystalline PPO2 ratio was reduced in eater’
mutants (e) or by culturing larvae under anoxic conditions (0.1% O,) for 6 h (f).

suggest a biased distribution of crystal cells containing crystallized
PPO2 within the haematopoietic pocket.

Toinvestigate the mechanism by which crystal cells generatein cellulo
PPO2¢¥l we used eater’ mutants that eliminate sessile haemocytes,
including both plasmatocytes and crystal cells, due to the lack of
Nimrod-family scavenger receptors®. This genetic background
probably interferes with interactions between crystal cells and the
trachea as well. Under normoxic conditions, eater’ mutants formed
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g, Theabsorbance peakindicating copper-oxygenbinding at 340 nmwas
observed with WT PPO2-Flag (blue) but not with PPO2(H212N/H369N)-

Flag (grey). h, WTPPO2 (PPO2""-Flag) (Flag, magenta) co-localized with
endogenous PPO2 (PPO2, green) (top). APPO2 mutant (PPO2(H212N/H369N)-
Flag) (Flag, magenta) was distributed in the cytoplasm andinhibited endogenous
PPO2crystals (PPO2, green).i, Crystalline PPO2 from the total crystal cells was
reduced by incubatinghaemocytesinpHS5.5for1h.j,k, Compared with the
controls (left), CAH2 overexpression (middle), CtrIARNAi in crystal cells (right)
(j) or feeding with200 uM bathocuproine disulfonic acid for 6 h (k) reduced
theratio of PPO2 crystals. Scalebars, 5 um (a,band h). The single red dots
inc-fand i-k show the percentage of crystal cells with PPO2¥*' per one larva.
Statistical analysis was performed using Mann-Whitney U-tests (c-fand i-k).
Dataaremean +s.d.

significantly less PPO2°*%!, with only 16% of crystal cells containing
crystallized PPO2 (Fig. 3e). This observation was consistent with the
almost complete absence of PPO2 within crystals when larvae were
exposed to anoxia (Fig. 3f). By contrast, hyperoxia did not affect the
ratio of crystal cells bearing PPO2°¥* or PPO2%"*°! (Extended Data
Fig. 5b). These findings suggest that oxygen availability, probably
obtained fromthe trachea, is critical for the generation of PPO2°¥*%*!in
crystal cells.



Supporting these findings, the PPO2 protein contains a copper
haem-binding haemocyanin/tyrosinase domain that incorporates
two copper ions and oxygen in the haem alignment®*° (Extended
DataFig. 5c). Oxygenated haemocyanin can be detected by an absorp-
tion spectrum peak at around 340 nm, which is characteristic of an
oxygen-bound dicopper centre*. To validate the oxygen-binding
ability of PPO2, we expressed PPO2-Flag in S2R" cells, purified native
PPO2 using Flag epitope competition and measured its absorption
spectrum. The absorption spectrum of WT PPO2 displayed a peak at
340 nm (Fig. 3g). By contrast, the PPO2(H212N/H369N) mutant protein,
containing point mutations in the histidine residues of the dicopper
centre, did notexhibit apeak at 340 nm (Fig. 3g). As a positive control,
we purified previously characterized oxygen-binding haemocyanin Il
(Hc2; gene ID_106468801) from the Atlantic horseshoe crab Limulus
polyphemus** and observed anidentical peak at 340 nm (Extended Data
Fig.5d). After its expression in crystal cells, PPO2(H212N/H369N) was
rarely detectedinin cellulo crystals, while simultaneously disrupting
the crystallization of endogenous PPO2 (Fig. 3h and Extended Data
Fig. 5e). By contrast, the reintroduction of PPO2%%, bearing a mutation
outside the copper haem, did notinterfere with PPO2 crystal formation
(Extended DataFig. 5e). These results indicate that O, physically associ-
ates with the dicopper haem of PPO2 and is responsible for inducing
the formation of PPO2 crystals.

We further investigated the role of intracellular copper and cyto-
solic pH, regulated by CAH2, in the formation of PPO2¥*%!, consider-
ing their significance in haemocyte translocation. To manipulate pH
levels in haemocytes, we cultured them ex vivo in solutions of pH 7.5
or 5.5, created by adding valinomycin and nigericin, which facilitate
the movement of H" ions across the membrane****, Compared with at
pH 7.5, incubation at pH 5.5 resulted in areduced proportion of crystal
cells containing PPO2°¥**! at 42% (Fig. 3i and Extended Data Fig. 5f,g).
Moreover, when CAH2 was overexpressed in crystal cells specifically,
which leads to acidification of crystal cells (Extended Data Fig. 5h,i),
PPO2¥% was dismantled and dispersed throughout the cytoplasm
(Fig. 3j). Todisrupt homeostatic copper levels in crystal cells, we used
CtrIARNAi and confirmed that crystal-cell-specific CtriA RNAireduced
copper-ionlevels in the crystal cells (Extended Data Fig. 5j,k). In this
geneticbackground, the percentage of crystal cells containing PPO2¢™st!
diminished to29% (Fig. 3j). Similar results were observed when larvae
were cultured with 200 uM bathocuproine disulfonic acid—a copper
chelator (Fig. 3k and Extended Data Fig. 51, m). However, attempts to
increase intracellular copper levels were unsuccessful due toimmedi-
ate copper detoxification by the induction of copper chaperones**¢.

Taken together, these findings provide evidence that crystal cells
undergo dynamic assembly or disassembly of PPO2 crystals—a pro-
cess that is modulated by homeostatic copper levels, cytosolic pH
controlled by CAH2 and the acquisition of O, through binding to the
trachea (Extended Data Fig. 3n).

Phase transition of PPO2 and oxygenation

During the assessment of the PPO2°*% phase over a 24 h period of
hypoxic stress (Methods), we observed a gradual decrease in the pro-
portion of PPO2¥ starting at 2 h of exposure, ultimately reaching a
low of 31% after 4 h of hypoxia (Fig. 4a,b and Extended Data Fig. 6a-c).
Within 3 h of hypoxia, crystal cells showed a decrease in cytosolic pH
as well as a significant increase in CAH2 mRNA levels (Fig. 4c,d and
Extended DataFig. 6d,e), which could be neutralized by CAH2RNAi in
thecrystal cells (Fig. 4e). Furthermore, crystal-cell-specific knockdown
of CAH2 prevented the dissolution of PPO2°¥® (Fig. 4f), which cor-
related with the absence of haemocyte translocation (Fig. 2e). While
the intracellular pH of crystal cells changed during hypoxia, the pH
of the haemolymph remained relatively constant (Extended Data
Fig. 6f). After the initial breakdown, the fraction of PPO2¥**' began
to increase again, reaching 61% after 5 h culture in hypoxia (Fig. 4a,b

and Extended DataFig. 6a—c). The proportion of PPO2¥*%'returned to
WT levels after 5to 10 hof hypoxia, exhibiting adamped oscillatory-like
patternsimilar to the pattern of the numbers of circulating crystal cells
(Figs. 1g and 4a and Extended Data Fig. 6a—c). The recycled PPO2°vst!
observed at later timepoints appeared smaller in size compared with
those of the controls (Fig. 4b and Extended Data Fig. 6g,h) and even-
tually dissolved back into the cytosolic phase after 11 h, resulting in a
stationary phase (Extended Data Fig. 6¢).

Based on the observed dynamics of PPO2°¥% and PPO2<**!in crystal
cells during hypoxia, we hypothesized that the protein phase transi-
tion of PPO2 has a crucial role in the crystal-cell-mediated homing of
plasmatocytes and crystal cells to the haematopoietic pocket. During
4 h under hypoxia, a notable change occurred in the distribution of
PPO2%® and PPO2™* in crystal cells. PPO2'* disappeared from
circulation and accumulated in the haematopoietic pocket, while
PPO2¥%! decreased, bothin circulationand the haematopoietic pocket
(Extended DataFig. 6i,j). The change in the number of crystal cells con-
taining PPO2%s°' (APPO2%'*°") in the haematopoietic pocket was more
pronounced compared with APPO2%"!in circulation, suggesting that
both PPO2***in circulation and dissolved PPO2°** probably contrib-
ute to APPO2"*'in the haematopoietic pocket (Extended Data Fig. 6j).
Tofurther investigate this phenomenon, we examined whether crystal
cells containing PPO2%" preferentially relocate to the haematopoietic
pocket. After 3.5 hof exposure to hypoxia, haemocytes were physically
deattached and allowed to reattach to the haematopoietic pocket for
0.5 h(Methods). Of thetotal crystal cells, 56% of PPO2* crystal cells reat-
tached to the haematopoietic pocket within30 min. Among these, 49%
contained PPO2%° while only 7% contained PPO2*% (Fig. 4g). When
considering PPO2°% and PPO2%"*° independently, 60% PPQ2s!
and 35% PPO2°¥*%! returned to the haematopoietic pocket, while 40%
PPO2%*°' and 65% of PPO2°™* remained in circulation (Fig. 4g and
Extended DataFig. 6k). Conversely, scavenging H,0, inthe trachea by
overexpression of Gtpx significantly reduced the reattachment rate of
PPO2’ crystal cells to 35%, of which only 20% was PPO2%**°! (Fig. 4g and
Extended Data Fig. 6k). The reintroduction of PPO2***", containing a
mutation in the dicopper haem, into PPO2*-mutant crystal cells did
notrestore the localization of crystal cells and plasmatocytes after4 h
hypoxia (Extended Data Fig. 61,m). These findings suggest that crystal
cells containing PPO2%"* with oxygen-binding ability preferentially
translocate to the haematopoietic pocket through H,0, derived from
the trachea.

Toinvestigate therole of PPO2in crystal cell oxygenation associated
withadherencetothetrachea, we used nlsTimer, afluorescent protein
variant that measures oxygen availability. Mature nlsTimer competi-
tively emits green or red fluorescence, but red fluorescence maturation
(redisindicated in magentain this study) is highly dependent on oxygen
concentration”. Under normoxic conditions at 21% O,, plasmatocytes
and crystal cellsinthe haematopoietic pocket displayed higher oxygen
levels compared with those in circulation, as indicated by a higher
magenta-to-green (M/G) ratio (Fig. 4h and Extended Data Fig. 6n).
Under hypoxic conditions, both sessile and circulating plasmatocytes
showed significantly reduced M/G ratios, indicating lower oxygen
availability regardless of their location (Extended Data Fig. 60,p). How-
ever, mature crystal cells expressing PPO2 exhibited higher magenta
fluorescence levels in the haematopoietic pocket compared with those
in circulation, even under hypoxic conditions (Fig. 4h and Extended
Data Fig. 6n). By contrast, PPO2* mutant crystal cells did not show
higher magenta fluorescence levelsin the haematopoietic pocket and
displayed asimilar M/Gratio to circulating crystal cells under hypoxic
conditions (Fig. 4h and Extended Data Fig. 6n), suggesting that PPO2
promotes crystal cell oxygenation.

In summary, these results suggest that, under hypoxic conditions,
the combination of low ambient O, and CAH2-mediated reductionin
cytosolic pHin crystal cells leads to the dissolution of the crystalline
phase of PPO2 proteininto its cytosolic form. This process facilitates
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Fig.4|Dynamic phase transitions of PPO2 crystals oxygenate crystal cells.
a, Quantification of PPO2 protein phase during 12 h hypoxia (PPO2Y®s°!,

green; PPO2°¥% magenta).b, Threerepresentative images of PPO2* crystal
cellsinnormoxiaand after 4 hor 7 h hypoxia. ¢, Intracellular pH (pHrodo,
green; Iz* crystal cells, magenta) in normoxia (left) or after 3 h hypoxia
(right).d, Quantification of the intracellular pH of crystal cells showninc.

e, Quantification of the intracellular pHin OreR controls or CAH2RNAi flies.

f, Crystal-cell-specific CAH2RNAirescued the low pHlevels seen at 3 h hypoxia.
Quantification of the PPO2¢¥*® and PPO2%'**° ratio in control or CAH2RNAi
flies under normoxia or hypoxia (PPO2%"*, green; PPO2°*¥ magenta). g, A
higher proportion of PPO2%**°" crystal cells adhered to the haematopoietic
pocket after a30 minreattachment assay (left). PPO2'*°-mediated adherence
wasinhibited by scavenging H,0, (right). h, Quantification of the M/G nisTimer

the translocation of crystal cells to the haematopoietic pocket and
supports oxygenation and recrystallization of PPO2 (Extended Data
Fig. 6q). The phase and location transition of PPO2 probably serve as
anoxygenreservoir, contributing to animal respiration and the main-
tenance of oxygen homeostasis.

PPO2 supportsinternal 0,homeostasis

Similar to [z mutants, PPO2* mutants and larvae carrying PPO2 RNAI
in crystal cells exhibited a higher number of TTBs under normoxic
conditions (Extended DataFig.7a,b and Supplementary Tables1and2).
This phenotype was not exacerbated by hypoxia (Extended Data
Fig.7a,band Supplementary Tables1and 2). Moreover, hyperoxic con-
ditions again rescued the increased TTBs phenotype in PPO2* mutant
larvae, restoring TTB numbers to WT levels (Extended Data Fig. 7a
and Supplementary Tables 1 and 2). Reintroduction of WT PPO2 into
PPO2* mutants rescued the TTBs phenotype, whereas PPO2"3°" which
lacks the ability to bind to oxygen, did not reduce the number of TTBs
(Extended DataFig.7aand Supplementary Tables1and 2).Incontrast to
PPO2*, PPO1* mutants displayed only amarginalincrease in TTBs under
normoxia, which was further increased by hypoxia (Extended Data
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ratioin controls orin PPO2* mutants corresponding to Extended DataFig. 6n.
Red fluorescence of nlsTimerwas converted into magentato avoid thered/
green colour scheme. Scalebars, 5 pm (b) and 10 pm (c). The magenta dotsin
aandfshow the percentage of crystal cells with PPO2°¥*** per individual larva.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s
posthocanalysis (aand d), two-way ANOVA followed by Bonferroni’s post hoc
analysis (e-g) and Mann-Whitney U-tests (h). Foraand h, the box and whisker
plots show the median (centreline), 25% and 75% (box limits), and the maximum
and minimum values (whiskers). Ford and e, the violin plots show the median
(red dottedline), 25% (black dotted line), 75% (black dotted line), and the
maximum and minimum values. For f, data are mean + s.d. Detailed genotypes,
samplesizes, statistics and Gal4 drivers are provided in Supplementary Table 5.

Fig. 7cand Supplementary Tables1and 2). PPO2RNAi in plasmatocytes
didnotalter TTB numbers (Extended Data Fig. 7d and Supplementary
Tables1and 2).

Under normoxic conditions, various WT tissues expressing nlsTimer,
including the fat body, brain, trachea, muscle, salivary gland, imagi-
nal discs and intestines, uniformly displayed high M/G ratios, indica-
tive of high oxygenation levels (Fig. 5a,b and Extended Data Fig. 7e,f).
However, hypoxia significantly reduced the overall M/G ratios in
these tissues compared with normoxia* (Fig. 5a,b and Extended Data
Fig. 7e,f). In PPO2* mutants, the relative M/G ratios of most organs
were comparable to those in WT animals under normoxic conditions
(21% 0,) (Extended DataFig. 7¢,f). Notably, the fat body of PPO2* mutants
exhibited significantly lower M/G ratios, similar to those in hypoxic
WT tissues (Fig. 5a,b). To further confirm the oxygenation levels of
the fat body, we examined the protein expression and localization of
hypoxia-inducible factor 1o (HIF-1a, simain Drosophila), arepresenta-
tive hypoxia-inducible transcription factor in animals*®, Similar to the
reduced M/Gratio observed in nlsTimer, hypoxiastabilizes and induces
the nuclear translocation of simain Drosophila. Indeed, hypoxia trig-
gered accumulation of nuclear simain the fat body, whereas simawas
very low in the WT tissues, including the fat body under normoxic
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Fig.5|PPO2in crystal cells maintainsinternal oxygen homeostasis.

a,b, Oxygenationlevels of the fat body measured by nlsTimer. The fat body
was hypoxic when larvae were raised under hypoxia orif they carried the
PPO2mutant. a, Expression of nlsTimer (M/G merged) in the fatbody.

b, Quantification of the M/G ratios for each condition and genetic background.
Red fluorescence of nlsTimer was converted into magenta to avoid the red/
green colour.c, WT larvae (w'®) cultured in hypoxia or PPO2* mutants under
normoxiaaccumulated nuclear simain the fatbody, which wasrescued by the
reintroduction of PPO2"7, but not by PPO2"3*N (sima, green; phalloidin,
magenta; DAPI, blue).d, Quantification of nuclear simalevelsin WT or PPO2*
flies, or PPO2* flies with reintroduction of PPO2"" or PPO2"3°N, e, PPO2 is
required for larval survival. Larval survival rates of WT or PPO2* mutants under
normoxic or hypoxic conditions. f, PPO2* mutants had reduced pupal sizes,

conditions (Fig. 5c,d and Extended Data Fig. 7g,h). Consistent with the
nisTimerresults, PPO2* mutants exhibited higher nuclear simalevelsin
the fat body under normoxia that returned to WT levels under hyper-
oxia (Fig. 5¢,d). This phenotype was not observed in PPOI* mutants
(Extended Data Fig. 7i,j). Moreover, reintroduction of WT PPO2 into
the crystal cells of PPO2* mutants restored low sima protein expression
in the fatbody, whereas PPO2"** did not reduce the elevated nuclear
sima levels (Fig. 5c,d). In addition to the fat body, imaginal discs of
appendages and the foregut in PPO2* mutants exhibited relatively lower
nilsTimerM/Gratios and higher nuclear simaintensities under normoxia
compared with their WT counterparts (Extended Data Fig. 7e-h).

In conclusion, we propose that PPO2 in crystal cells has a crucial
rolein promoting tissue oxygenation and maintaining internal oxygen
homeostasis. Thisis supported by its effects on tracheal branching, the
nlsTimer hypoxia sensor and nuclear sima localization. Specifically,
PPO2in crystal cells wields the most influence over fat body oxygena-
tion during larval development.

Crystal-cell-mediated larval respiration

We observed that only 61% of PPO2* mutants survived to the third instar,
which is equivalent to the survival rate of [z mutant larvae cultured
in normoxia (Fig. 5e). When cultured in hypoxia, the survival rate of

which were recovered by hyperoxia. Quantification of the male pupal volume
in WT or PPO2* mutant animals in normoxic, hypoxic or hyperoxic conditions.
g, Thereduced larval survival rate of the PPO2* mutant was rescued by 3-mm-
depthfood culture. h, PPO2* mutants caused reduced animal growth, which
wasrecovered in 3-mm-depth food. Quantification of the male pupal volume
inWT or PPO2* mutant animals cultured in15 mm or 3 mm food depths.

i, L. polyphemushaemocyanin Il formed crystalline structures that co-localized
withendogenous PPO2 crystals (Hc2-Flag, magenta; PPO2, green). Scale bars,
10 pm (aand c) and 5 um (i). Statistical analysis was performed using Mann-
Whitney U-tests (band d-h). For band d-h, the box and whisker plots show the
median (centreline), 25% and 75% (box limits), and the maximum and minimum
values (whiskers). White bars, normoxia; green bars, hypoxia; purple bars,
hyperoxia; orange bars, 15-mm-depth food; blue bars, 3-mm-depth food.

PPO2* mutant larvae further decreased to 33% (Fig. 5e), indicating a
criticalrole for PPO2in crystal cells for animal survival under all condi-
tions. Inaddition to the survival rate, PPO2* mutants exhibited smaller
pupal sizes compared with WT animals under normoxia, compara-
ble to the pupal sizes of WT animals cultured in hypoxia (Fig. 5f and
Extended Data Fig. 8a,b). Hyperoxia restored the pupal sizes of PPO2*
mutants to WT levels in both males and females (Fig. 5f and Extended
DataFig. 8a,b). Moreover, PPO2* mutants showed delayed pupariation
(Extended DataFig. 8c). PPO1* mutants did not exhibit reduced larval
survival or pupal sizes (Extended Data Fig. 8d-f), consistent with our
observations on the effects of PPO1 loss (Extended Data Fig. 7¢,i,j and
Supplementary Tables 1and 2). Furthermore, recovery experiments
using food at adepth of 3 mm rescued the PPO2* mutant phenotypes,
including the decreased survival rates, small pupal sizes (Fig. 5g,hand
Extended Data Fig. 8g-h), decreased TTBs (Extended Data Fig. 8i and
Supplementary Tables 1and 2) and the lower M/G ratios of nlsTimer
(Extended Data Fig. 8j,k).

Finally, prompted by the detection of oxyhaemocyanin by the absorp-
tion spectrum at 340 nm (Extended Data Fig. 5d), we investigated
whether the haemocyanin protein from the Atlantic horseshoe crab
L. polyphemus could replace PPO2in Drosophila. Notably, overexpres-
sionof Hc2from L. polyphemusin crystal cells was sufficient to generate
incellulo crystals that colocalized with PPO2 (Fig. 5i). Furthermore, the
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expression of L. polyphemus Hc2in PPO2*-mutant crystal cells rescued
the hypoxic phenotypes observed in PPO2* mutants, including the
accumulation of nuclear simainthe fatbody, increased TTB numbers
and smaller pupalsizes (Extended Data Fig. 81-q). These findings sug-
gest that haemocyanin protein from other arthropods can substitute
for the respiratory function of Drosophila PPO2.

Takentogether, our observations demonstrate that the respiratory
function of PPO2 in crystal cells is essential for larval growth and sur-
vival (Extended Data Fig. 8r).

Discussion

Here we present evidence for the critical role of Drosophila haemo-
cytes, specifically crystal cells, ininsect respiration through the phase
transition of PPO2. Crystal cells orchestrate the dynamic shuttling of
haemocytes between the haematopoietic pocket and the circulation.
This movement is essential for generating in cellulo crystals of PPO2,
whichis primarily contained within crystal cells and undergoes phase
transitions according to oxygen levels, intracellular pH and copper con-
centrations. Asaresult, the ambient oxygen levelis akey determinant
ofthestatus of PPO2 crystals and substantially influences the duration
of crystal cell adherence to the haematopoietic pocket. The phase
transition of PPO2 enables it to either be oxygenated and crystallize,
servingas a potential oxygen reservoir, or deoxygenate and dissolve to
support the respiratory process. Notably, this process mainly targets
the fat body—a critical regulator of animal growth and survival that
is highly dependent on oxygen availability with insufficient tracheal
innervation®®*, Consequently, larvae lacking crystal cells or PPO2 or
expressing amutant formof PPO2incapable of binding to copperions
display hypoxic responses under normoxic conditions and become
intolerant to hypoxia. Notably, our results demonstrate that the expres-
sionof Hc2 from L. polyphemusin crystal cells effectively restores the
respiratory function of PPO2, underscoring the evolutionary conserva-
tion and significance of this mechanism in respiration.

The presence of membraneless organelles, mainly characterized by
liquid-liquid phase separation, has become increasingly recognizedin
various cellular processes** 2, Building on these discoveries, our study
reveals thereversible phase transition of PPO2 withincrystal cellsasa
critical regulator of animal respiration. Under normoxic conditions,
crystal cell relocation and PPO2 phase transition probably occur while
maintaining dynamic equilibrium. This process facilitates the respira-
tion of tissues that lack tracheal innervation or exhibit high oxygen
demand, including but not limited to the fat body. While cytosolic PPO1
is known for its role in the main phenoloxidase activities, and crystal-
lized PPO2foritsroleinthe sequestration of enzymatic phenoloxidase
functions®, our study indicates an additional function of PPO2 protein
inreversible oxygen collection. Notably, our findings demonstrate that
haemocyanin from the horseshoe crab co-constitutes crystals with
PPO2 (Fig. 5i). Moreover, haemoglobin solutions have been observed
to undergo phase separation under physiological pH, ionic strength
and haemoglobin concentrations®>. These observations suggest that
respiratory protein condensates may function as a universally con-
served respiratory hub for tunable gas exchange. Although our findings
provide specificevidence for the presence of PPO2 proteininin cellulo
crystals, additional factors or phase-transition steps, ranging from
liquid-to-gel or gel-to-solid states, may be involved in their formation.
Moreover, the mechanisms underlying the acquisition of metastability
inthesolid-like state withinashort time in vivo remain unclear. Future
biochemical and biophysical studies of PPO2 crystals, complementing
our geneticand cellular analyses, will shed light on the mechanisms of
the PPO2 phase separation and the kinetics of crystal assembly in vivo.

Our study highlights that larval habitat, whether plastic vialsin labo-
ratory conditions or rotten fruits in the wild, inherently exposes Dros-
ophilalarvaeto hypoxia. Thisenvironmental challenge forces the larvae
tofind abalance between fitness and immunity. While digging deeper
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provides better protection from predators, it potentially exposes them
to hypoxia. Among the two major immune cell types in Drosophila, crys-
tal cells have been recognized for their distinctive function in wound
healing and melanization®**. However, our study suggests that crystal
cells offer a unique dual-protection mechanism through both innate
immune responses and respiratory support, providing insights into
the evolutionary origins of respiratory immune cellsin animals. From a
haematopoiesis perspective, crystal cells exhibit convergent functions
resembling both platelets and erythrocytes, which are functionally
analogous to megakaryocyte—erythrocyte lineage myeloid cells®**.
Furthermore, in other insects, haemocytes are often observed sur-
rounding tracheal branches®>*®, and other insects possess crystal cell
equivalents known as oenocytoids®*®, These observations suggest
that the association between haemocytes and the tracheal system
for respiration and oxygen responsiveness may be conserved across
insects and not limited to Drosophila.
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Methods

Drosophila stocks and genetics

The following Drosophila stocks were used in this study: Hml*-Gal4
(S.Sinenko), Hmi*-Gal4 UAS-2xeGFP (S.Sinenko), [z-LexA LexAop-mCherry
(J.Shim), UAS-hid,rpr(J.R.Nambu), 21-7-Gal4 (Y.N.Jan), btl-Gal4 UAS-GFP
(BL8807), btl-Gal4 (BL78328), Hml*-dsRed (K. Brueckner), UAS-Notch'®
(U. Banerjee), 20xUAS-shi*/TM6B (A. ]. Kim), UAS-Gtpx (W.-J. Lee),
tub-cyto-roGFP2-Orpl (BL67670), UAS-PPO2-V5 (W.-). Lee), tub-Gal80"
(BL7016), btIRNAi (BL43544), [z (BL33835), [z-Gal4 UAS-GFP (BL6314),
20xUAS-6xmCherry-HA (BL52268), 13xLexAop-6xmCherry-HA (BL52271),
PPO2* (BL56205), PPO1* (BL56204), OK72-Gal4 (DGRC108801),
UAS-mCDS::GFP (BL5137), eater’ (BL68388), hs-Gal4 UAS-nisTimer
(BL78057), Notch-Gal4 (BL49528), PPO2 RNAi (VDRC107772),
CAH2 RNAi (VDRC108184), MtnA RNAi (VDRC105011), AtoxI RNAi
(VDRC104437), Ctr1A RNAi (BL58107), Punt RNAi (VDRC37279),
Baboon RNAi (VDRC3825), dSmad2 RNAi (VDRC14609), polo RNAi
(BL36093,BL33042, BL35146, BL36702), stg RNAi (BL34831, BL29556,
BL36094), ush RNAi (BL32950, BL44041, BL29516), Ras85D RNAIi
(BL34619), PPOI RNAi (VDRC 107599), fok RNAi (BL63980), CG10467
RNAi (BL62208), Men RNAIi (BL38256), CG15343 RNAi (VDRC101184),
Pdelc RNAi (VDRC101906), CG9119 RNAi (VDRC46326), CG7860 RNAi
(VDRC108281), CG10469 RNAi (BL55291), mthl10 RNAi (BL51753),
Gip RNAi (VDRC105750), CG17109 RNAi (BL54033), Naxd RNAi
(VDRC39667), peb RNAi (BL28735), tna RNAi (BL29372), Duox RNAi
(U. Banerjee) and UAS-Sod2 (BL24494). w'™ (BL3605) and Oregon R
(BL5) were used as wild types. Hml'"-Gal4 is a lineage tracing of Hml"
haemocytes containing Hml*-Gal4;UAS-FLP;ubi-FRT-STOP-FRT-Gal4.

The following recombinants or combinations were generated in
this study: Hml*-Gal4 UAS-eGFP;lz-LexA LexAop-mCherry, btl-Gal4
UAS-GFP;[z-LexA LexAop-mCherry, UAS-mCD8::GFP;21-7-Gal4;Hm[*-
LexA LexAop-mCherry, UAS-mCD8::GFP;21-7-Gal4, [z-LexA LexAop-
mCherry, [z Hml*-Gal4 UAS-eGFP, 0k72-Gal4 UAS-mCD8::GFP;
[z-LexA LexAop-mCherry, Hml*-dsRed;btl-Gal4 UAS-GFP, btl-Gal4
UAS-GFP;lz-LexA LexAop-mCherry, 21-7-Gal4 UAS-mCDS8::GFP;1z-
LexA LexAop-mCherry, tub-Gal80%;btl-Gal4 UAS-GFP, PPO2*:hs-Gal4
UAS-Timer, PPO2*;Notch-Gal4, PPO2*;UAS-PPO2, PPO2*;UAS-PPO2%,
PPO2*;UAS-Timer and PPO2*;UAS-L. pol Hc2-Flag.

The following stocks were generated in this study: Hml*-LexA,
[z-Gal4, UAS-PPO2, UAS-PP0O2-eGFP, UAS-PPO2-Flag, UAS-PPO2'*",
UAS-PPQ2/212NHB6N (1A S-PPO2RS0A, UAS-PPO2"22NMBN.Flag and UAS-L.
pol Hc2-Flag. For Hml*-LexA, the Hml enhancer was amplified from
genomic DNA and cloned into a TOPO-TA vector (K252020; Thermo
Fisher Scientific) for gateway cloning. The cloned entry vector was
ligated into the pBPnlsLexA::p65Uw (26230; Addgene) destina-
tion vector using LR ligase (11791-020; Thermo Fisher Scientific).
[z-Gal4 was generated by splitting and rebalancing lz-Gal4 UAS-eGFP,
20xUAS-6xmCherry-HA with Basc/FM7i;MKRS/TM6B. For UAS-PPO2,
PPO2 cDNA was amplified from RNA extracted from larval haemo-
cytesand cloned into the pGEM-T Easy vector (A1360; Promega). PPO2
cDNA withrestriction enzyme sites was amplified for ligationinto the
pUASTattB vector (1419; DGRC). For UAS-PPO2-eGFP, PPO2 or eGFP,
respectively, cDNA was amplified for ligation using a Gibson Assembly
kit (E2611L; New England Biolabs). A linker (5-GGCGGCGGCGGC-3')
was inserted between PPO2 and eGFP. PPO2-linker-eGFP with a
restriction enzyme site was amplified and ligated into the pUAST-
attB vector (1419; DGRC). Mutagenesis of UAS-PPO2 to produce
UAS-PPO2!*N  UAS-PPO2%%4 and UAS-PPO2"36VH22N a5 performed
using a mutagenesis kit (EZ004S; Enzynomics). PCR for UAS-PPO2""-
Flag or PPO2/B5NH2I2N.Flag was performed based on UAS-PPO2 or
UAS-PPO2'B3NHIN respectively, using Flag primers. For UAS-L.pol
haemocyanin 2-Flag, L. polyphemus haemocyanin 2 gene fragments
were synthesized by IDT; it was then amplified by PCR and cloned into
the pGEM-T Easy vector (A1360; Promega). L. polyphemus Hc2 cDNA
was amplified with Flag primers for ligation into the pUASTattB

vector (1419; DGRC). Detailed genotypes, sample sizes and Gal4 drivers
with corresponding target tissues are listed in Supplementary Table 5.
Experiments were independently repeated at least three times. A list
of'the primers used for cloning is provided in Supplementary Table 6.

Transgenic flies were generated by BestGene or KDRC. Unless indi-
cated, all fly crosses and larvae were maintained at 25 °Cand in normal
dextrose-cornmeal-based food.

tub-GAL8O";btl-GAL4 UAS-GFP crossed with UAS-btl RNAi flies or
21-7-GAL4 UAS-mCDS8::GFP crossed with UAS-shi® flies were maintained
at18 °Cfor 5 days (until the early secondinstar) and then transferred to
29 °Ctoavoid thelarvallethal phenotype. Flies or larvae were randomly
selected to perform all the experiments. Blinding was not applicable
due to the complex genetic background and environmental condi-
tions used in this study. All the data were collected based on unbiased
analyses. Males and females of the same age, respectively, were used
for experiments using flies. Unless indicated, the third-instar larvae at
120 hours after egg laying were used for experiments using larvae.

0, control experiments

All of the experiments were conducted in an O,/CO, control chamber
(ProOx Model C21; BioSpherix). For anoxia, hypoxia and hyperoxia
experiments, 0.1%, 5% and 60% O, were used, respectively. All larvae
were synchronized and raised in the chamber for the indicated periods.
Larvaewerebled andimaged at120 h AEL at 25 °C.Forexample, for4 h
hypoxia, larvae were synchronized and raised in normoxia until 116 h
AEL and thentransferred to 5% 0,at116 h AEL until 120 h AEL. After4 h
inhypoxia, larvae werebled at 120 h AEL.

Cell transfection

DrosophilaS2R* cells were maintained at 25 °Cin Schneider’'s medium
(21720-024; Thermo Fisher Scientific) with 10% FBS, 50 U penicillin
and 50 pg streptomycin per ml. To express Flag-tagged proteins,
Drosophila S2R" cells were transfected using the Cellfection reagent
(58760; Thermo Fisher Scientific). UAS vector (pUASt-PPO2-Flag,
pUASt-PPO2"?12VH3N. Flag, and UAS L. polyphemus haemocyanin 2-Flag)
were co-transfected with pAC5C-Gal4. After transfection, S2R" cells
were incubated for 72 h before cell collection. The S2R" cell line
was confirmed by the morphology and was only used for protein
purification.

Immunoprecipitation and absorbance spectrum measurement
Immunoprecipitation was performed to isolate the Flag-tagged
proteins from transfected Drosophila S2R" cells. Cells were lysed in
IP buffer (50 mM Tris-HCI, 50 mM NaCl, 300 mM sucrose, 1% Triton
X-100, 0.2 mM PMSF) containing protease inhibitor cocktail (P9599;
Sigma-Aldrich) on ice for 5 min after vortexing. Cell lysates were
cleared by centrifugation at 12,000g and 4 °C for 15 min to remove
cellular debris. Supernatants were collected and incubated with
Anti-DYKDDDDK Gl1 Affinity Resin (L00432-1; GenScript Biotech) for
1hat4 °Cwithgentlerotation. The beads were washed three times with
wash buffer (50 mM Tris-HCI, 50 mM NaCl,300 mM sucrose, 0.2% Triton
X-100, 0.2 mM PMSF, including protease inhibitor cocktail) to remove
non-specific binding and the Flag-tagged proteins were eluted using
3x Flag peptide (F4799; Sigma-Aldrich) elution solution (150 ng pl™
of 3x Flag peptide in 100 mM pH 7.5 Tris, 150 mM NacCl, 10 uM CuSO,)
for 30 min at 4 °C. The 3x Flag peptide stock solution was made by
dissolving 3x Flag peptide in 0.5 M Tris HCI, pH 7.5and 1M NaCl at a
final concentration of 25 uM pl™. Eluted proteins were then subjected
to spectrophotometry analysis. Absorption spectra were measured
using a spectrophotometer (Cary 60 UV-Vis; Agilent Technologies) at
wavelengths of 200-800 nm at 0.5 nmintervals.

Haemocyte bleeding
To bleed out the entire haemocyte population, including circulating
and sessile cells, larvae were vortexed as described previously*® and



bled onaglassslide (61.100.17; Immuno-Cell). Circulating haemocytes
were obtained without any disturbance. After bleeding the larvae,
haemocytes were allowed to settle for 40 min at 4 °C. Sessile haemo-
cytes were collected by vigorously pipettinglarval carcasses with PBS
as described previously'. Haemocytes were fixed with a 3.7% formal-
dehyde solution, washed three times with 0.4% PBS-T (Triton X-100)
for10 min and blocked in 10% normal goat serum solution for 30 min.
Primary antibody was added, and the slides containing haemocytes
wereincubated at4 °C overnight. Haemocytes were washed three times
with 0.4% PBS-T (Triton X-100) for 10 min and secondary antibody
was added. The slides were incubated at room temperature for 3 h.
Haemocytes were again washed three times with 0.4% PBS-T (Triton
X-100) for 10 min each with afinal wash with PBS for 3 min. Haemocyte
samples were mounted in Vectashield (Vector Laboratories) with DAPI
and imaged using a Nikon C2 Si-plus confocal microscope (Nikon).

Liveimaging of haemocytes

To visualize crystal assembly and dissolution ex vivo, we vortexed lar-
vae for 2 min with glass bleeds (Sigma-Aldrich, G9268) as described
above®. Larvae expressing PPOI-Gal4 UAS-PPO2-eGFP were bled in
20 pl of Schneider’s medium (21720-024; Thermo Fisher Scientific)
onto a glass-bottomed confocal dish (100350; SPL Life Sciences)
and allowed to settle for 10 min. Haemocytes were washed with
20 pl Schneider’s medium and imaged using the Zeiss LSM 900 con-
focal microscope (Zeiss) with an incubation system at 25 °C at the
Biospecimen-Multiomics Digital Bioanalysis Core Facility of Hanyang
University. Humidity was maintained by the incubator.

Haemocyte reattachment assay

To measure the number of haemocytes that returned to the haemat-
opoietic pocket over 30 min, synchronized larvae grown until 116 h AEL
were collected and cultured in ahypoxic chamber for 3.5 h. Larvae were
collectedinatube, vortexed for 2 min with glass beads (Sigma-Aldrich,
G9268) as described previously* and placed back into the hypoxic
chamber for another 30 min. After the 30 minincubation, larvae were
bled onto aslide (61.100.17; Immuno-Cell International), and sessile or
circulating haemocytes were counted.

Liveimaging of wholelarvae

At 120 h AEL, synchronized larvae (Hm/[*-Gal4 UAS-EGFP; [z-LexA
LexAop-mCherry) were placedinalarva-holding cassette (custom made
by 3D printing). To prevent larvae from moving, larvae were covered
by a cover glass (Deckglaser, 22 x 50 mm) and sealed on both sides
with tape. Liveimaging was recorded for 1 h using aNikon Al confocal
microscope (Nikon) with aninstalled 5% O, hypoxia chamber.

Immunohistochemistry
The following primary antibodies were used in this study: anti-Pxn
(1:1,000, rabbit)®°, anti-Hnt (1:10, mouse; DSHB), anti-Iz (1:10, mouse;
DSHB), anti-PPO2 (1:1,000, rabbit), anti-Sima (1:1,000, guinea pig)®,
anti-PH3 (1:500, rabbit; 06-570, Merck Millipore), anti-Flag (1:1,000,
mouse; Sigma-Aldrich, F1804) and anti-DCP1(1:100, rabbit; 9578, Cell
Signaling).

Cy3-conjugated, 647-conjugated and FITC-conjugated secondary
antibodies (Jackson Laboratory) were used at dilutions of 1:250.

Togenerate antisera specific to the PPO2 protein, a 6xHis-tag fusion
protein containingthe entire PPO2 protein was produced using Escheri-
chia coli (pET21a-PPO2). The recombinant PPO2-6xHis proteins were
purified and injected into rabbits to generate polyclonal antibodies
(GenScript).

TEM analysis

Tenthirdinstarlarvae werebled, collected and washed in PBS and fixed
in 3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) containing
0.1% CacCl, for 3 h at room temperature. This process was repeated

until the desired amount. Haemocytes were washed five times with
0.1 M cacodylate buffer at 4 °C and were post-fixed with 1% OsO, in
0.1 M cacodylate buffer containing 0.1% CaCl, for 2 h at 4 °C. These
samples were embedded in Embed-812 (EMS). After polymerization
of theresin at 60 °C for 36 h, serial sections were cut with a diamond
knife ona ULTRACUT UC7 ultramicrotome (Leica) and mounted onto
formvar-coated slot grids. The sections were stained with 4% uranyl
acetate for 10 min and lead citrate for 7 min. TEM imaging was con-
ducted on a Tecnai G2 Spirit Twin transmission electron microscope
(Thermo Fisher Scientific).

RT-qPCR

More than 50 wandering third instar larvae were bled for haemocyte
RNA extraction, and cDNA was synthesized using a quantitative PCR
with reverse transcription (RT-qPCR) kit (TOYOBO). RT-qPCR was
performed using the SYBR Green Master Mix and the comparative C,
method using the Step One-Plus Real-Time PCR thermal cycler (Thermo
Fisher Scientific). Gene expression was normalized to Rp49 expres-
sion, and alist of the specific primers used for RT-qPCR s providedin
Supplementary Table 6.

Imaging of whole circulating or sessile haemocytes

Larvae were placed on a glass slide with 100% glycerol and heated for
30sona?70°C heat block?. Larvae were gently overlain with a cover
glass without sealing. Whole circulating or sessile haemocytes were
scanned using the Nikon C2 Si-plus confocal microscope (Nikon) or
the Zeiss Axiocam 503 (Zeiss) system. In all of the images shown, the
anterior is left, and the dorsal side is up.

pHrodo green AMintracellular pH indicator

All of the steps were performed as described in the previous study,
except for afew modifications®’. Two larvae were bled in pHrodo green
dye (P35373, Thermo Fisher Scientific) for 25 min at room tempera-
ture. Haemocytes were washed once with PBS for 4 min. Haemocyte
samples were mounted in Vectashield (Vector Laboratories) and
imaged immediately after mounting with a Nikon C2 Si-plus confocal
microscope (Nikon). To create a standard curve using pHrodo green,
two larvae were bled in pHrodo green dye and incubated for 25 min
atroom temperature. Haemocytes were washed once with Life Cell
Imaging Solution (LCIS, A14291DJ, Thermo Fisher Scientific) for 3 min
and then with buffer solutions of different pHs (pH 7.5, 6.5, 5.5 and
4.5) for 5 min each. Haemocyte samples were mounted in Vectash-
ield (Vector Laboratories) with DAPI and imaged using a Nikon C2
Si-plus confocal microscope (Nikon). A linear function graph was
constructed by obtaining GFP intensity values in each pH buffer. pH
values were calculated from GFP intensities based on the graph. For
image acquisition, three larvae were bled into one well, and the inten-
sity was averaged by randomly selecting four sections. One dot indi-
catesonetrial, and each trial involves quantification of three larvaein
one well.

Tracheal TTBs

The procedure for TTB quantification was performed according to
apreviously described protocol” with a few modifications. Wander-
ing third instar larvae were mounted using the same procedure as for
whole-larvalimaging. TTBs ofimmobilized larvae were visualized under
a bright-field microscope (Zeiss Axiocam 503, Zeiss). Dorsal views of
segment T3 were magnified for TTB images, and TTBs on both sides
were counted. Sample sizes (n) indicate the number of larvae counted.
In all images, z stacks were analysed using ImageJ, and the anterior is
up. Synchronized larvae were grown under normoxic conditions (21%
0,) or shifted to either hypoxia (5% O,) or hyperoxia (60% O,) at 96 h
AEL (hypoxia) or 60 h AEL (hyperoxia) until 120 h AEL. Excel v.16.58
(Microsoft) and Prism 9 (GraphPad) were used to calculate P values
and to produce the final graphs.
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nisTimer in Drosophila organs and haemocytes

For measuring nlsTimer in organs, all of the steps were performed
as described in the previous study, except for a few modifications®.
Synchronized first-instar larvae at 24 h AEL were collected and raised
at 25°Cuntil 60 h AEL. Larvae were heat-shocked at 37 °C for 20 min
followed by recovery at18 °Cfor 6 h. After recovery, larvae wereraised
at25°Cuntil 120 h AEL. For hypoxic conditions, larvae were raised in
the 5% O, chamber immediately after the 18 °C recoveries. At 120 h
AEL, the brain, trachea, muscle, foregut, midgut, hindgut, salivary
gland, fatbody, eye disc and leg disc were collected in ice-cooled PBS.
After 30 min of fixation witha3.7% formaldehyde solutionat 25 °C, the
samples were washed one time each briefly in 0.4% PBS-T and then 1x
PBS. After the final wash, the samples were maintained in Vectashield
(Vector Laboratories) without DAPI.

For measuring nlsTimer in haemocytes, synchronized first-instar
larvae at 24 h AEL were collected and raised at 25 °C until 120 h AEL.
For hypoxic conditions, larvae were switched to the 5% O, chamber
andraised there from 60 h AEL to120-h AEL. Larvaewerebledat120 h
AEL. All of the samples were scanned with the Nikon C2 Si-plus confo-
cal microscope (Nikon). Scan settings were described previously*.

Larval survival rate

Forty synchronized larvae were transferred to individual vials and
grown under 21% O,. After rearing until 120 h AEL, live larvae (>2.8 mm
in length for third-instar larvae)® were counted per vial. For survival
ratesin hypoxiaor hyperoxia, synchronized larvae were transferred to
individual vials at 24 h AEL and shifted to 5% O, or 60% O, until 120 h
AEL. For survival rates in shallow food, synchronized larvae were cul-
tured in normoxia and transferred to 3-mm-deep food at 24 h AEL.
One dot represents one trial (n = 40). Excel v.16.58 (Microsoft) and
Prism 9 (GraphPad) were used to calculate P values and produce the
final graphs.

Pupal volume

Synchronized larvae were cultured in normoxia and transferred to
hypoxia or hyperoxia at 114 h AEL, and phenotypes were observed
after pupariation at 144 h AEL. Pupal volume was measured using
ImageJ (NIH) and calculated using the formula 4/3m(L/2)({/2)? where
L is the length and [is the diameter®. Excel v.16.58 (Microsoft) and
Prism 9 (GraphPad) were used to calculate P values and produce the
final graphs.

Quantification of samples, statistics and reproducibility

All haemocyte samples were visualized using the Zeiss Axiocam 503
(Zeiss) (2.5%) system with DAPI, GFP and RFP. ImageJ (NIH) was used to
quantify circulating, sessile or total haemocytes. Imaris (Bitplane) was
used to analyse crystal cellnumbers in the lymph gland. For proximity
measurements, Imaris (Bitplane) was used to calculate the proximity
index. Each haemocyte (crystal cell, plasmatocyte) was made into a
circle spot (threshold = 8 um), and oenocytes, tracheal branching or
neurons were made into 3D surfaces. Spots close to the surface were
calculated (threshold = 5 pm) and normalized with their length.

For analysing haemocyte nlsTimer expression, allhaemocyte samples
were visualized using the Nikon C2 Si-plus confocal microscope (Nikon)
(40x) with GFP and RFP. Two to four images were taken in each well
(trial). Eachhaemocyte intensity was measured using ImageJ (NIH), and
the M/G ratio was calculated. Other organs expressing nlsTimer were
visualized using the Nikon C2 Si-plus confocal microscope (Nikon) (20x)
with GFP and RFP. Twenty to thirty nuclei were measured per organ
using ImageJ (NIH), and the M/G ratio was calculated. For analysing
theratio of crystalline to cytosolic structures among all PPO2* crystal
cells, onelarvawas placed on the bleeding slide at atime, and all PPO2*
cellswere observed at 600x magnification through the Nikon C2 Si-plus
confocal microscope (Nikon).

The detailed sample sizes for all experiments are indicated in Supple-
mentary Table 5. Atleast three biologically independent samples were
examined to perform statistical analyses. The centre valuesinall of the
box and whisker plotsinFigs.1,2,4 and 5 and Extended Data Figs.1-4
and 6-8indicate the medianvalues. The experiments shownin Fig.3b
were repeated four times, those in Figs. 3hand 4b were repeated three
times and those in Extended Data Figs. 1f,h and 3i were repeated twice.

BioTracker green copper live-cell dye

All of the steps were performed as described in a previous study®*,
except for afew modifications. Larvae were bled in BioTracker Green
Copper dye (SCT041; Sigma-Aldrich) for 40 min at room temperature.
Haemocytes were washed once with PBS for 4 min. Haemocyte samples
were mounted in Vectashield (Vector Laboratories) and imaged imme-
diately after mounting with the Nikon C2 Si-plus confocal microscope
(Nikon).

Shallow food preparation

A cornmeal, dextrose and yeast food recipe (Bloomington Drosophila
Stock Center) was used inequivalent amounts but at different heights.
Food was placed in a 60 mm x 15 mm Petri dish (10060; SPL Life Sci-
ences) toa height of 3 mm, which was lower than the food usually pro-
vided for third-instar larvae.

SABER-FISH
Allof the steps were performed as described in a previous study except
for afew modifications®. Three larvae were bled in 4% paraformalde-
hyde for30 min. The samples were washed three times with 0.3% PBS-Tw
(10x PBS + Tween-20 + H,0) for 5 min. Then, 0.3% PBS-Tw was replaced
withwHyb (20x SSC + Tween-20 +formamide + H,0) and washed three
times for 5 min. After the wHyb wash, the samples were replaced with
Hyb1 (2x SSC + Tween-20 +formamide +10% dextran sulfate) with probe
mixture prewarmed at43 °C and incubated for 32 hat 43 °C. Afterincu-
bation, the samples were washed twice with wHyb for 30 min at 43 °C
and replaced with 2x SSCT (2x SSC + Tween-20 + H,0) twice for 5 min
at 43 °C, then 2x SSCT was replaced with 0.3% PBS-Tw twice for 5 min
at 37 °C, and 0.3 PBS-Tw was replaced with wHyb twice for 5 min at
37 °C. The samples were replaced with wHyb to Hyb2/Flour solution
(Flour Oligo Cy3 sequencer + H,O + Hyb2 solution (PBS + Tween-20 +
dextransulfate) prewarmedat 37 °Cand incubated for 5 hat 37 °C and
thenreplaced with 0.3% PBS-Tw twice for 10 minat 37 °C towash. The
samples were mounted inthe Vectashield with DAPI (Vector Laboratory)
and imaged using the Nikon C2 Si-plus confocal microscope (Nikon).
CAH2 probe sequences were as follows: (1) CGGGGTGTTGCGACAC
CTCCTCand (2) CACAAATCAAGATCGGAGCAATGACAATTG. The Flour
Oligo Cy3 Imager sequence was as follows: TTATGATGATGTATGAT
GATGT.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datasupporting the findings of this study are available in the Article
andits Supplementary Information. We used Flybase release FB2024_02
to obtain the sequence, dataand analysis in this study. Resources and
reagents used in the study are available from the corresponding author
onrequest. Source data are provided with this paper.
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Extended DataFig.1|Hemocyte responses during24-hhypoxiainthe
hematopoietic pocket. a-b.Specific depletion of crystal cells by Notch RNAI.
(a) Expression of Notch RNAi driven by Hml*-Gal4 specifically inhibited crystal

celldevelopment. (b) This genetic manipulationincreased the number of TTBs.

Quantification of TTB numbersis presented in Supplementary Tables1and 2.
(c) Graphicalillustration and image of food at a15-mmdepthin a plastic vial and
foodata3-mmdepthina60-mm Petridish. (d) Schematics of larval hemocyte
distribution (top) and organization of the hematopoietic pocket (bottom).
Lateral view of segment A6 is magnified to highlight components of the
hematopoietic pocket (plasmatocytes, green; crystal cells, magenta; oenocytes,
grey; sensory neurons, light blue; chordotonal organ, blue). Reproduced with
permission fromref. 10, Elsevier. (e) Expression patterns of hemocytes (Hml*
plasmatocytes, green; [z* crystal cells, magenta) (Hml*-Gal4 UAS-EGFP; [z-LexA
LexAop-mCherry) inwhole larvae (top), sessile hemocytesin the hematopoietic
pocket (middle), or circulating hemocytes upon bleeding (bottom).

(f) Hemocytes adhered to the hematopoietic pocket during hypoxia. Larvae
carrying Hml*-Gal4 UAS-EGFP; Lz-LexA LexAop-mCherry were synchronized and
transferred to the desired oxygen conditions (21%, 5%, or 60% O,) at 96 h after
egglaying (AEL), and phenotypes were observed at120-h AEL. The numbers
andlocalization patterns of hemocytes (Hml* plasmatocytes, green; [z* crystal
cells, magenta) inthe hematopoietic pocket (A1-A7) exposed to 60% (top), 21%
(middle), or 5% (bottom) O,. The A5 or A6 segment (red) recruited the largest
number of hemocytes. (g) Schematic of oxygen control experiments shown
inFig.1f. (h) The numbers and localization patterns of hemocytes (Hm!*
plasmatocytes, green; [z* crystal cells, magenta) in the posterior dorsal vessels
exposed to 21% (left) or 5% (right) O, for 24 hinawholelarva (top) or dorsal
vessel-associated cluster (bottom). (i) Quantification of hemocytes (Hml*
plasmatocytes, left; [z* crystal cells, right) in the posterior spiracles exposed to
21% or 5% O,. Hml* plasmatocytes (left) and [z* crystal cells (right) were counted

separately. White barsindicate 21% O,, and green or magentabarsindicate 5% O,.

(j) Hemocytes do not undergo apoptosis during hypoxia or hyperoxia.
Expression of an apoptosis marker (anti-DCP-1) in hemocytes exposed to 21%,
5%, 0r 60% O, for 24 hfrom 96-h AEL to 120-h AEL (Hm{-Gal4 UAS-EGFP) (Hml*
plasmatocytes, green; DCP-1, magenta; DAPI, blue). Hemocytes expressing
the pro-apoptotic genes hid and rpr (Hml*-Gal4 UAS-EGFP UAS-Hid, Rpr) are
positive controls. Arrowheads (red) indicate DCP-1-positive hemocytes.

(k) The number of hemocytes expressing a mitosis marker, anti-phospho-
histone H3 (PH3) did not change during hypoxia (5% O,). (I) The number of
crystal cellsinthelymphgland was not altered in hypoxia or hyperoxia (60%
0,). Quantification of lymphgland crystal cells exposed to 21%, 5% or 60% O, for
theindicated lengths of time. (m) Expression patterns of hemocytes (Hml*
plasmatocytes, green; [z crystal cells, magenta) (Hml*-Gal4 UAS-EGFP; [z-LexA
LexAop-mCherry) inwhole larvae (top), sessile hemocytes in the hematopoietic
pocket (middle), and circulating hemocytes upon bleeding (bottom).

(n) Schematic of oxygen control experiments shown in Fig.1g. (o) Confocal live
imaging of sessile hemocytes (Hml*-Gal4 UAS-EGFP; [z-LexA LexAop-mCherry)
during1-h hypoxia.Images were captured every 10 minup to1h. Whole larvae
(top), Hm!* plasmatocytes (middle), and [z* crystal cells (bottom). Magnified
images of yellow inset (top) are indicated below (middle and bottom). (p) The
number of sessile hemocytes obtained by the scraping assay. Compared to
controls at normoxia (white), the numbers of sessile hemocytesincreased
at4-and 24-hour hypoxia (crystal cell, magenta; plasmatocyte, green). Scale
bars: yellow, 500 pm; white, 50 um. n.s. (not significant), *P < 0.05,**P< 0.01,
***P<0.001,****P<0.0001. Extended DataFig.1a,i,k,I,and p were analysed
using the Mann-Whitney test. Box and whiskers plotsin1a,1i,1k, 1I,and 1p
denote maximum, 25%, median, 75%, and minimum values, respectively.
Schematic diagramsin Extended DataFig.1c, g, and n were created with
BioRender.com. Detailed genotypes, samplesizes, and Gal4 drivers with
corresponding target tissues are listed in Supplementary Table 5.
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Extended DataFig.2 |Hemocyte responses until 24-h hypoxiaorunder
various oxygen concentrationsinthecirculation.a-b.Larvae were
synchronized and reared in 21% O, until moved hourly to 5% O,over1to24 h
before dissection and observationat120-h AEL. Quantification of (a)
circulating Hml" plasmatocytes (left) or (b) [z"crystal cells (right) in each
oxygen condition. c-d. Hematopoiesisis notalteredin 5% O, up to12 h. Total
hemocyte numbers of larvae carrying Hml*-Gal4 UAS-EGFP; [z-LexA LexAop-
mCherryexposedto 5% O, for theindicated lengths of timeup to24 h.
Quantification of total plasmatocytes (Hml*) (c) or crystal cells ({z*) (d) grown
ineach condition. e-f. Oxygen levels determine hemocyte dynamics between
the hematopoietic pocket (sessile) and the haemolymph (circulation).
Synchronized larvae carrying Hml*-Gal4 UAS-EGFP; [z-LexA LexAop-mCherry
wererearedin 21% O, and shifted to 0.1% (anoxia) or 60% (hyperoxia) O, for the
indicated amounts of time, and the phenotypes were observed at120-h AEL.
(e) Schematics of anoxia experiments; a vertical grey bar indicates the time of
the shift between oxygen conditions (top). Quantitation of circulating
plasmatocytes (Hml") (left) or crystal cells ({z*) (right) exposed to 0.1% O, for
theindicated numbersofhours. (f) Schematics of hyperoxia experiments; a
vertical grey barindicates the time of the shift between oxygen conditions

(top). Quantification of circulating plasmatocytes (Hml") (left) or crystal cells
(Iz") (right) exposed to 60% O, for theindicated hours. (g) Lateral view of
segment A6 is magnified to highlight components of the hematopoietic
pocket (neuron, green; trachea, magenta; oenocyte, blue). Schematic or
confocalimages of segment A6 labelled with btl-LexA LexAop-mCherry; 21-7-
Gal4 UAS-mCD8::GFP (bottom). Reproduced with permission fromref. 10,
Elsevier. h-i.Increased numbers of hemocytes were closely associated with
PNSneuronsor the trachea during hypoxia. (h) The proximity of hemocytes to
tissuesinthe hematopoietic pocket marked by trachea-Hml* plasmatocytes
(btl-Gal4 UAS-GFP; Hm[*-dsRed), trachea-Iz*crystal cells (btl-Gal4 UAS-GFP; Iz
LexA LexAop-mCherry), PNS neuron-Hml' plasmatocytes (Hml*-LexA LexAop-
mCherry; 21-7-Gal4 UAS-mCD8::GFP), or PNS neuron-[z* crystal cells (21-7-Gal4
UAS-mCD8::GFP; [z-LexA LexAop-mCherry) in normoxia or 4-h hypoxia. (i)
Quantification of the proximity index (a.u.) of the trachea and hemocytes (left)
or PNS neurons and hemocytes (right). Scale bars: blue, 20 pm. n.s. (not
significant), *P< 0.05,**P< 0.01, ***P < 0.001, ****P < 0.0001. Extended Data
Fig.2a-fwere analysed by one-way ANOVA followed by Tukey’s post hoc test.
Box and whiskers plotsin 2a-fand 2i denote maximum, 25%, median, 75%, and
minimum values, respectively.
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Extended DataFig. 3| Trachea-induced reactive oxygenspeciesactivate
hemocyte adherence to the hematopoietic pocket. (a) Hemocytesincreased
theirassociation with the trachea (btl*) or PNS neurons (21-7") in 5% O, (bottom)
compared with 21% O, (top) but not with oenocytes (OK72"). Proximity
evaluationin 3D images between oenocytes (OK72' oenocyte, yellow) and
hemocytes (white or red) (left), the trachea (bt!* trachea, yellow) and
hemocytes (white or red) (middle), or PNS neurons (21-7" neuron, yellow) and
hemocytes (white or red) (right). Red dotsindicate hemocytes withina 5-um
radius of each componentin the hematopoietic pocket and are quantifiedin
Fig.2corExtended DataFig.3c.b-c.The number of hemocytes adhering to
oenocytes remained constant. (b) Proximity of hemocytes and oenocytes
labelled with oenocyte-plasmatocyte markers (OK72-Gal4 UAS-mCD8::GFP;
Hml*-dsRed) or oenocyte-crystal cell markers (OK72-Gal4 UAS-mCD8::GFP;
[z-LexA LexAop-mCherry) at 21% O, or 5% O, for 4 h. (c) Quantification of
proximity index (a.u) between oenocytes and hemocytes. (d) The total length
ofthe trachea or PNS neurons remained unchanged at 5% O,. (e) Silencing PNS
neurons did not alter hemocyte movement upon hypoxia. The number of
circulating hemocytesin controls (21-7-Gal4 UAS-mCD8::GFP) or after silencing
PNS neurons (21-7-Gal4 UAS-mCD8::GFP UAS-shi®).f-g. The Activin-B (Actp)/
dSmad2 pathway in PNS neurons did not change hemocyte localization at 5%
0,. (f) Quantification of circulating plasmatocytes (Hm!") in plasmatocyte-
specificdownregulation of three genes: punt, baboon, and dSmad2 (Hml*-Gal4
UAS-EGFP, UAS-put RNAi or UAS-babo RNAi, UAS-dSmad2 RNAi). (g) Quantification
of circulating crystal cells ({z*) in crystal-cell-specific downregulation of three
genes: punt, baboon, and dSmad2 (Iz-Gal4 UAS-EGFP, UAS-put RNAi, UAS-babo
RNAi, UAS-dSmad2 RNAI). (h) The decreased development of oenocytes did not
influence crystal cell or plasmatocyte localization at 5% O,. Quantification of
circulating Pxn* plasmatocytes (left) or 1z* crystal cells (right) ineach
condition. (i) Silencing of the FGF receptor, btl, decreased tracheal branching.

Distribution of the trachea (bt!" trachea, green) in controls (tub-Gal80"; btl-
Gal4 UAS-GFP) or btIRNAi in the trachea (tub-Gal80®; btl-Gal4 UAS-GFP, UAS-btl
RNAI).j-k.The FGF ligand, bnl, was unnecessary for hemocyte movement
during hypoxia. (j) Expression of RNAi against bnlin peripheral neurons
(21-7-Gal4; [z-LexA LexAop-mCherry) or (k) in crystal cells (PPOI-Gal4) did not
alter the attachment of hemocytes during 4-h hypoxia.I-n. Reactive oxygen
species (ROS) levels were induced after 4-h hypoxia. (I) Aschematic diagram of
fillet dissection. The A6 regionis marked inred. (m) Expression of roGFP (green)
inthetracheaexposedto21% O, (top) or 5% O, (bottom) for 4 h. (n) Quantification
of roGFPin (m). o-p.Scavenging ROS altered hemocyte translocation to the
hematopoietic pocket during hypoxia. (0) Expression of RNAi against Duox
suppressed the localization of both Pxn* plasmatocytes (left) and [z* crystal
cells (right) to the hematopoietic pocket after 4-h hypoxia (btl-Gal4 UAS-GFP
UAS-Duox RNAi; [z-LexA LexAop-mCherry). (p) Expression of superoxide
dismutase2(Sod2) inhibited thelocalization of both Pxn* plasmatocytes (left)
and [2* crystal cells (right) to the hematopoietic pocket following 4-h hypoxia
(btl-Gal4 UAS-GFP UAS-Sod2; [z-LexA LexAop-mCherry). (q) Expression patterns
of Hml* plasmatocytes in controls (Hml*-Gal4 UAS-EGFP) (left) or [z"* mutants
(Iz™; Hm[*-Gal4 UAS-EGFP) (right) in whole larvae (top), Hml" sessile hemocytes
inthe hematopoietic pocket (middle), or Hml* circulating hemocytes upon
bleeding (bottom), corresponding to Fig.2c. White barsindicate 21% O,, green
(plasmatocytes) or magenta (crystal cells) barsindicate 5% O,. Scale bars:
yellow, 20 pm; white, 50 pm; blue, 500 pm. n.s (not significant), *P < 0.05,
**P<0.01,***P<0.001,****P<0.0001.Extended DataFig.3c,d, f,g, and nwere
analysed using the Mann-Whitney test. Extended DataFig.3e, h,j, k,0,and p
were analysed by two-way ANOVA followed by Bonferroni’s post hoc test. Box
and whiskers plotsin 3c-h, 3j-k, and 3n-p denote maximum, 25%, median, 75%,
and minimum values, respectively.
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Extended DataFig. 4 |See next page for caption.




Extended DataFig. 4 |Identification ofgenesinvolved incrystalcell
function. (a) Plasmatocyte-specific knockdown of u-shaped (ush) or string (stg)
decreased plasmatocyte numbers. An RNAi-based screen targeted the following
plasmatocyte proliferation genes: ush (Hml*-Gal4 UAS-EGFP; [z-LexA LexAop-
mCherry, UAS-ush RNAi (BL32950, BL44041) or UAS-stg RNAi (BL34831)).
Quantification of total Hml* plasmatocytes (left) or [z* crystal cells (right) in each
geneticbackground.b-c.Decreased plasmatocyte numbers did not alter crystal
celllocalization at 5% O,. (b) Quantification of circulating Hml* plasmatocytes
(left) or Iz* crystal cells (right) in Hml*-Gal4, UAS-ush RNAi (BL44041). (c) The
numbers and localization patterns of hemocytes (Hml" plasmatocytes, green; [z
crystal cells, magenta) in controls (Hml*-Gal4 UAS-EGFP; [z-LexA LexAop-
mCherry) orin ushRNAi (Hml*-Gal4, UAS-EGFP UAS-ush RNAi; [z-LexA LexAop-
mcCherry) animals. d-e. Decreased plasmatocyte numbers did not mimic hypoxic
animal phenotypes. (d) Expression of RNAi against ush (BL44041) or stg
(BL34831) did not alter pupal volume. (e) These genetic backgrounds did not
increase the TTB numbers. Quantification of TTB numbersis presentedin
Supplementary Tables1and 2.f-i. An RNAi-based screentargeted the top 20
crystal-cell-specific genes: PPOI, fok, CG10467, Men, CG15343, Pdelc, CG9119,
CG7860, CG10469, mthl10, Gip, CG17109, Naxd, peb, tna (Iz-Gal4 UAS-EGFP, UAS-
PPOI1 RNAi, UAS-fok RNAi, UAS-CG10467 RNAi, UAS-Men RNAi, UAS-CG15343 RNAI,
UAS-Pdelc RNAi, UAS-CG9119 RNAi, UAS-CG7860 RNAi, UAS-CG10469 RNAi, UAS-

mthl10 RNAi, UAS-Gip RNAi, UAS-CG17109 RNAi, UAS-Naxd RNAi, UAS-peb RNAi,
and UAS-tna RNAi). Quantification of circulating Pxn* plasmatocytes (f) or [z
crystal cells (h) ineach conditionand genetic background. Red dotted bars
indicate genes, including those of unknown function (fok and CG10467), that
disrupted hemocyte movement to the hematopoietic pocketat4 hin 5% O,.
PPOI* or PPO2* mutants recapitulated the PPOI or PPO2RNAi phenotypes.
Quantification of circulating Pxn* plasmatocytes (g) or [z crystal cells (i) ineach
condition and genetic background. j-o.RNA interference (RNAI) efficiency of
Prophenoloxidase 2 (PPO2, Hml\"e™<ing D). Gql4 UAS-PPO2 RNAI) (j), Carbonic
anhydrase2 (CAH2, Hm[*-Gal4 UAS-CAH2 RNAi) (K), Metallothionein A (MtnA,
HmI""-Gal4 UAS-MtnA RNAI) (1), Antioxidant 1 copper chaperone (Atox1, Hml"™-
Gal4 UAS-Atox1 RNAi) (m), Coppertransporter1 A (CtrIA, Hml*™-Gal4 UAS-CtrIA
RNAI) (n), or Prophenoloxidase 1(PPO1, Hml'-Gal4 UAS-PPO1 RNAI) (0). White
barsindicate 21% O,, and green or magentabarsindicate 5% O,.Scale bar: black,
500 um; white, 50 pm. n.s (not significant), *P< 0.05,**P < 0.01, ***P< 0.001,
****P<(0.0001.Extended DataFig.4a,d, f,g,h,andiwereanalysed using the
Mann-Whitney test. Extended Data Fig. 4b was analysed by one-way ANOVA
followed by Tukey’s post hoc test. Extended Data Fig. 4j-o were analysed by
Student’s ¢ test. Box and whiskers plotsin4a, 4b, 4d, and 4f-i denote maximum,
25%, median, 75%, and minimum values, respectively. Error barsin4j-o
representstandard deviations (SDs).
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Extended DataFig. 5| Genetic backgrounds and conditions that
manipulate pH or Cu* levelsin hemocytes. (a) Ultrastructure of crystal cells
observed by transmission electron microscopy (TEM). Sample1 (left) and
sample2 (right) indicate twoindependent crystal cells. Yellow insets are
magnified on theright. The magentainsetis on the bottom. (b) Crystal-to-
cytosolicratio of PPO2 proteinin crystal cells at 21% or 60% O,. Larvae were
bled at120-h AEL, and entire crystal cells expressing PPO2 were scored. (c)
Representation of the copper haem-containing haemocyanin/tyrosinase
domain of PPO2 and the 340-nmabsorbance indicating copper-oxygen
binding. (d) The absorbance peak at 340 nm was detected with Limulus
polyphemushaemocyaninll (L.polHc2_FLAG). (e) Crystal-to-cytosol ratio of
PPO2 protein was reduced by the expression of PPO2"212VH36N whereas
PPO2%% apoint mutation outside the copper haem, did not alter the ratio.
f-g.Standard curve analysed with different pH buffers (pH 7.5, pH 6.5, pHS5.5,
and pH4.5) using pHrodo greendye. The lower the pH, the higher the cytosolic
greenintensity. (f) Intensities of pHrodo green dye in hemocytes in different
pH conditions (pHrodo green dye, green). (g) Quantification graph of cytosolic
GFPintensity at different pHs. h-i. Crystal-cell-specific overexpression of
carbonicanhydrase2 (CAH2) (Iz-Gal4, UAS-mCherry-HA; UAS-CAH2) lowered pH
levelsin crystal cells, whereas downregulation of CAH2in crystal cells ([z-Gal4,
UAS-mCherry-HA; UAS-CAH2 RNAI) did not change pH levels at 21% O,.

(h) Intracellular pHlevels (pHrodo, green; [z* crystal cells, magenta) at 21% O,.
(i) Quantification of intracellular pH concentrationin each genetic background.

j-k.Cytosolic Cu*"inthe crystal cell was decreased by the crystal-cell-specific
knockdown of CtrlA. (j) Intracellular Cu? levels (Cu®* dye, green; [z* crystal
cells, magenta; DAPI, blue) in wild-type OreR controls (left) (Notch-Gal4 UAS-
mCherry) or CtrIARNAI (right) (Notch-Gal4 UAS-mCherry; UAS-Ctr1ARNAI).

(k) Quantification of intracellular copperionlevelsin controls or CtrIA RNAi.One
dotrepresentsonetrial.I-m. Feedinglarvae 200 pM bathocuproinedisulfonic
acid (BCS) reduced intracellular copperion concentrationsin hemocytes.
Larvae were rearedin copper chelator-containing food (200 uM BCS) for 6 h
from114-h AEL and dissected at120-h AEL. (I) Intensities of intracellular copper
indicator (Cu*, green; DAPI, blue) in the absence (left) or presence (right) of
BCS. (m) Quantification of intracellular copperion concentrationsineach
condition. (n) lllustration of the transition from cytosolic-to-crystalline PPO2
associated withintracellular copper, pH, and ambient oxygen. Copper or
oxygen promotes the formation of crystallized PPO2.Scalebar: blue, 500 nm;
orange, 100 nm; white, 10 pm. n.s (not significant), **P < 0.01, ***P < 0.001,
****p < (0.0001. Thesinglered dotsin Extended Data Fig. 5Sb and eindicate the
percentage of crystal cells with PPO2°¥* per one larva. Extended DataFig. 5b,
e, g,i,k,and mwere analysed using the Mann-Whitney test. Violin plots in 5i,
5k, and 5m denote maximum, 25% (black dotted), median (red dotted), 75%
(black dotted), and minimum values, respectively. Error barsin 5b, 5e,and 5g
represent standard deviations (SDs). Schematic diagramsin Extended Data
Fig. 5nwas created with BioRender.com.
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Hematopoietic pocket




Extended DataFig. 6 | Changesin crystal-to-cytosolic phase transitions of
PPO2 during 24-h hypoxia. (a) lllustration of the phase transition of PPO2
under hypoxia. (b) Representative images of circulating hemocytes with PPO2*
crystal cellsateach time point. Red arrows indicate crystalline PPO2, and green
arrows indicate the cytosolic form of PPO2 (PPO2" crystal cells, red; DAPI, blue).
In21% O,, most PPO2" cells contained PPO2inits crystalline state (left). During
4 hinhypoxia, the majority of PPO2" cells contained PPO2inits cytosolic form
(middle). During 7 hin hypoxia, crystal cells contained smaller crystals of PPO2
(right). (c) Crystal-to-cytosolic ratio of PPO2 proteinin crystal cells changed
during hypoxia up to 24 h. Quantification of PPO2 protein distribution patterns
(cytosolicPPO2, green; crystalline PPO2, magenta) at each time point.d-e. The
level of CAH2mRNA was induced by 3-h hypoxia. (d) Relative mRNA expression
levels of CAH2in normoxia and 3-h hypoxia. (e) Visualization of CAH2 mRNA by
SABER-FISH.Iz* crystal cells (Iz, green) already exhibited higher CAH2 levels
(CAH2, magenta; dotted yellow circle) than plasmatocytes (DAPI') in normoxia,
which was further enhanced by hypoxia. Quantification of CAH2 levels s
shownontheright. (f) Haemolymph pH levels remained relatively constantin
hypoxia.Synchronized larvae (w*®) were reared in 21% O, and transferred to
hypoxia for the indicated amounts of time, and haemolymph was extracted at
120-h AEL. (g) Three-dimensional reconstruction of PPO2 protein phases
(PPO2* crystal cells, yellow; DAPI, blue) at 21% O, (crystalline PPO2, left), in

4 hofculturein hypoxia (cytosolic PPO2, middle), or 5 h of culturein hypoxia
(fractionated crystalline PPO2, right). (h) Recrystallization reduced the
average volume of PPO2" crystals per one crystal cell following 5-h hypoxia
compared withintact PPO2 crystals generated in controls. (i) Quantification

of crystalline or cytosolic PPO2in the circulation. The numbers of cytosolic
PPO2 (green) and crystalline PPO2 (magenta) gradually decreased until 4-h
hypoxia. (j) Quantification of crystal cells containing crystalline or cytosolic
PPO2inthe hematopoietic pocket (sessile) during 4 h of hypoxia. ACytosolic

PPO2indicates changes in the number of PPO2%"*°' per one larva (light blue, Y
axisontheright). (k) The ratios of crystal cell sessility classified based on the
PPO2 proteinstatus showninFig.4g.l-m. Oxygenbinding capacity of PPO2is
critical for the hemocyte movement during hypoxia. Reintroduction of PPO2""
into the PPO2* mutant rescued hemocyte movementduring 4-h hypoxia,

while PPO2"%°N did not (PPO2; Notch-Gal4 UAS-PPO2"" or UAS-PPO2'%*N),
Quantification of 1z crystal cells (I) or Pxn* plasmatocytes (m). (n) Expression
of crystal-cell-specific nlsTimerin controls (Notch-Gal4 UAS-nlsTimer) or

in PPO2* mutants (PPO2*; Notch-Gal4 UAS-nlsTimer) (PPO2" crystal cells,
magenta; nlsTimer, red/green merged) in the circulation (top) orin the
hematopoietic pocket (bottom) in normoxic or hypoxic conditions,
corresponding to Fig. 4h. o-p. Plasmatocytes exhibited higher magenta-to-
greennlsTimer ratiosin the hematopoietic pocket thanin the circulation
(Hm[*-Gal4 UAS-nlsTimer). (0) Maturation of plasmatocyte-specific nlsTimer
(magenta-to-green merged) in circulating cells (top) or sessile cells (bottom) at
21% 0, (Ieft) or 5% O, (right). (p) Quantification of the magenta/green ratio for
each condition corresponding to panel (0). Red fluorescence of nlsTimer was
converted intomagentato avoid the red/green colour scheme. (q) lllustration
ofthe PPO2 crystal-to-cytosol transition upon hypoxia. Scale bar, 10 pm.n.s
(notsignificant), **P< 0.01, ***P< 0.001, ****P < 0.0001. The singlered dots in
Extended Data Fig. 6cindicate the percentage of crystal cells with PPO2¢=t!
peronelarva. Extended Data Fig. 6¢c was analysed by one-way ANOVA followed
by Tukey’s post hoc test. Extended DataFig. 6d, e, h,i,and p were analysed
using the Mann-Whitney test. Extended Data Fig. 61 and m was analysed by two-
way ANOVA followed by Dunnett’s multiple comparison test. Box and whiskers
plotsin 6c¢, 6e, 6h, 61, 6m, and 6p denote maximum, 25%, median, 75%, and
minimum values, respectively. Error barsin 6d, 6i, and 6j represent standard
deviations (SDs). Schematic diagrams in Extended Data Fig. 6q was created
with BioRender.com.
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Extended DataFig.7|Alack of crystal cells or PPO2leads tointernal
hypoxia. (a) Tracheal thick terminal branches (TTBs) were increased in wild
type (w"*) under hypoxia orin PPO2* mutants under normoxia. Culturing
PPO2* mutant larvae in hyperoxia or reintroducing PPO2in PPO2* mutant
crystal cells (PPO2%; Notch-Gal4 UAS-PPO2) rescued TTB numbers (TTB
numbers, white; main cellular process (MCP), yellow). Reintroducing the
mutant form of PPO2in PPO2* mutant crystal cells (PPO2%; Notch-Gal4 UAS-
PPO2"3%°N) did not rescue TTB numbers. Quantification of TTB numbersin
these genetic backgrounds or conditionsis presented in Supplementary
Tables1and 2. (b) Crystal-cell-specific downregulation of PPO2 (Iz-Gal4 UAS-
EGFP UAS-PPO2 RNAi) exhibited increased tracheal thick terminal branching
(TTB) compared withwild-type (Iz-Gal4 UAS-EGFP), which was recovered by
culturing larvae in hyperoxia. (c) PPOI* mutants or (d) plasmatocyte-specific
downregulation of PPO2 (Hml*-Gal4 UAS-EGFP UAS-PPO2 RNAi) did not
recapitulate theincreased TTB development observed in PPO2* or PPO2RNAi
crystal cells ({z-Gal4 UAS-EGFP UAS-PPO2 RNAi). Quantification of TTB numbers
inthese genetic backgrounds or conditions are shownin Supplementary
Tables1land2.e-i. Oxygenation levels of the brain, trachea, muscle, foregut,
midgut, and hindgut of the intestine, salivary gland, fat body, eye disc, and leg
disc measured by nlsTimer or nuclear sima. (e) Wild-type larvae (hs-gal4 UAS-

nlsTimer) were synchronized and transferred to 5% O,at 66-h AEL for 54 h

after heat shock. Expression of nlsTimer (magenta and green merged) control
tissues (hs-gal4 UAS-nlsTimer) at normoxia (top), hypoxia (middle), or

PPO2* mutant tissues (PPO2%; hs-gal4 UAS-nisTimer) at normoxia (bottom).

(f) Quantification of the magenta-to-greenratioin each condition and genetic
background shownin (e). Red fluorescence of nlsTimer was converted into
magentato avoid the red/green colour scheme. (g) Expressionand localization
of nuclear simainwild-type or PPO2* mutant tissues, corresponding to (e).
Wild-type w"*tissues at normoxia (top), hypoxia (middle), or PPO2* mutant
tissues at normoxia (bottom). (h) Quantification of nuclearsimaineach
conditionand geneticbackgroundin (g).i-j. Fatbody nuclear simalevels

in PPO1* mutants remained unchanged compared with wild-type w'.

(i) Expression and localization of sima (sima, green; phalloidin, magenta; DAPI,
blue) in the fat body. (j) Quantification of nuclear simalevelsin the fatbody in
each genetic background. Scale bars: yellow, 10 pm; white, 50 pm. n.s (not
significant), **P< 0.01,***P< 0.001, ****P < 0.0001. Extended Data Fig. 7f, i,and
kwere analysed using the Mann-Whitney test. Box and whiskers plotsin 7f, 7h,
and 7j denote maximum, 25%, median, 75%, and minimum values, respectively.
Tissues markedinred (Y axis on the right) indicate relatively low M/G (f) or high
nuclear simalevels (h).
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Extended DataFig. 8 |PPO2in the crystal cell controls animal growth, and
shallow food or Limulus polyphemus haemocyaninIlIrescues internal
hypoxiain PPO2* mutants. a-b. PPO2* mutants had reduced pupal sizes,
which wererecovered by growing themin hyperoxia. (a) Quantitation of female
pupalvolumeinwild-type (w"*) or PPO2* mutant animals in normoxic, hypoxic,
or hyperoxic (purple) conditions. (b) PPO24 mutants in normoxia exhibited
smaller pupal sizes than wild-type controls (w"*), which was comparable to
wild-type controls (w'®) cultured in hypoxia. The smaller pupal sizes of PPO2*
mutants wererescued by culturing larvae in hyperoxia. Representative pupal
images corresponding to Fig. 5fand Extended DataFig. 8a. (c) Compared with
wild-type controls (w'®), the pupariation rate was delayed in the PPO2* mutant
background (w'#, blue dot; PPO2*, red dot) (d) PPOI* mutants did not exhibit
altered larval survival. Larval survival rates of wild-type control (w'®) or PPOI*
mutantlarvae in normoxic (white) or hypoxic (green) conditions. e-f. Pupal
sizes of PPO1° mutants remained unchanged compared with wild-type
controls (w'"*). (e) Representative pupal images corresponding to panel (f).

(f) Quantification of pupal volume in each genetic background. g-h. The
smaller pupal sizesin PPO2* were rescued by providing shallow food at adepth
of 3 mm. (g) Representative pupalimages corresponding to Fig. Shand
Extended Data Fig. 8h. (h) Quantification of female pupal volume in wild-type
(W) or PPO2* mutant animals cultured in15-mm or 3-mm food depths. (i)
Increased TTB numbers of PPO2* mutant larvae were rescued by shallow food at
a3-mmdepth. Representative TTBimages, corresponding to Supplementary
Tables1and2.j-k.Shallow food ata3-mmdepthrescued hypoxic nlsTimer
expressionin PPO2* mutant larvae. (j) Maturation of nlsTimer (magenta/green
merged) inwild-type (hs-gal4 UAS-nisTimer) or PPO2* mutant (PPO2*; hs-gal4
UAS-nlsTimer) fatbodies. (k) Quantification of the magenta/greenratioin each

conditionand genetic background. Red fluorescence of nlsTimer was
converted into magentato avoid the red/green colour scheme.l-n. The smaller
pupalsizes observed in PPO2* mutants were rescued by reintroduction of
Limulus polyphemus haemocyaninll (L. pol Hc2) inthe crystal cell. (I)
Representative pupalimages corresponding to Extended Data Fig. 8m, n. (m)
Quantification of male pupal volume in controls (w"*), PPO2* mutants, or
PPO2%; Notch-Gal4 UAS-L.pol Hc2-FLAG in normoxia. (n) Quantification of
female pupal volume in controls (w"¥), PPO2* mutants, or PPO2*; Notch-Gal4
UAS-L.pol Hc2-FLAG mutants in normoxia. (0) Reintroducing L. polyphemus
haemocyaninIlinthe crystal cell (PPO2%; Notch-Gal4 UAS-L.pol Hc2-FLAG)
rescued TTB numbers. Quantification of TTBsin these genetic backgroundsis
showninSupplementary Tables1and 2. p-q. ReintroducingL. polyphemus
haemocyanin2in the crystal cell (PPO2%; Notch-Gal4 UAS-L.pol Hc2-FLAG)
rescued increased sima expression in the PPO2* mutant fat body. (p) Expression
andlocalization of nuclear sima (sima, green; phalloidin, magenta; DAPI, blue)
inthe fatbody. (q) Quantification of nuclear sima expressionin the fatbodyin
each geneticbackground. (r) PPO2in the crystal cell controls internal oxygen
homeostasisand undergoes a phase transitionbetween acrystalline form that
acquires oxygen fromthe tracheaand acytosolic formthatreleases oxygen to
oxygenate the fatbody. Scale bars: yellow, 50 pm; white and black, 500 pm;
blue, 10 pm. n.s (not significant), **P < 0.01, ****P < 0.0001. Extended Data
Fig.8a,d,f, h, k,m,n,and qwere analysed using the Mann-Whitney test. Highest
and lowest bars denote maximum and minimum values, respectively. White
barsindicate 21% O,, and green barsindicate 5% O,. Box and whiskers plots in
Extended DataFig. 8 denote maximum, 25%, median, 75%, and minimum values,
respectively. Schematic diagrams in Extended Data Fig. 8p was created with
BioRenders.com.
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All data supporting the findings of this study are available in the main text or the supplementary materials. We used Flybase release (FB2024_02) to obtain the
sequence/data/analysis resources used in this study. Resources and reagents used in the study are available upon request.
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Reporting on sex and gender human sources were not used in the experiment.

Reporting on race, ethnicity, or  human sources were not used in the experiment.
other socially relevant

groupings

Population characteristics human sources were not used in the experiment.
Recruitment human sources were not used in the experiment.
Ethics oversight human sources were not used in the experiment.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
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Data exclusions  No data was excluded from the analyses.

Replication The experiments reported in this study were minimally performed in duplicates and most were triplicated (Biological repeats in two or more
independent experimental settings). All attempts of replication were successful.

Randomization Collected flies were always randomly selected to perform all the experiments.

Blinding Blinding is not applicable due to complex genetic backgrounds and environmental conditions used in this study. Each experimental condition
of samples must be known to perform experiments. However, all the data in this study were collected based on unbiased analysis.
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Antibodies

Antibodies used The following primary antibodies were used for immunostaining:
1) Commercial antibody
a-Hnt (1:10, mouse, 1G9, DSHB)
a-lz (1:10, mouse, anti-lozenge, DSHB)
a-PH3 (1:500, rabbit; #06-570, Merck Millipore)
a-FLAG (1:1000, mouse; Sigma F1804)
a-DCP1 (1:100, rabbit; #9578, Cell Signaling)
2) Shared antibody
a-Pxn (1:1000, rabbit, Yoon et al.,2017)
a-Sima (1:1000, guinea pig, Wang et al., 2016)
3) Antibody generated in this study
a-PP0O2 (1:2000, rabbit, GenScript, Order number U606THE200)
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The following secondary antibodies were used for immunostaining:

FITC-conjugated AffiniPure Goat anti-Mouse 1gG (115-095-062)

Cy3-conjugated AffiniPure Goat anti-Mouse 1gG (115-165-166)

Alexa Flour 647-conjugated AffiniPure Goat anti-Mouse 1gG (115-605-003)

FITC-conjugated AffiniPure Donkey anti-Rabbit 1gG (711-095-152)

Cy3-Conjugated AffiniPure Donkey anti-Rabbit IgG (711-165-152)

Alexa Flour 647-conjugated AffiniPure Donkey anti-Rabbit 1gG (711-605-152)

FITC-conjugated AffiniPure Donkey anti-Guinea Pig IgG (706-095-148)

Cy3-conjugated AffiniPure Donkey anti-Guinea Pig 1gG (706-165-148)

All the secondary antibodies above were provided from Jackson Laboratory, Bar Harbor, ME, USA and were used at dilutions of 1:250.

Validation a-Hnt (1G9, DSHB) was validated for immunohistochemistry (PMID: 9187140), and deposited to the DSHB by Lipshitz, H.D.
a-lz (anti-lozenge, DSHB) was validated for immunohistochemistry (PMID: 10753120), and deposited to the DSHB by Banerjee, U.
a-PH3 (#06-570, Merck Millipore) was used for immunohistochemistry (PMID: 29622651). There are more references in the
manufacturer's website.
a-FLAG (1:1000, mouse, F1804, Sigma) was validate for immunohistochemistry (PMID: 27630089). There are more references in the
manufacturer's website.
a-DCP1 (1:100, rabbit; #9578, Cell Signaling) was validate for immunohistochemistry (PMID: 27058168). There are more references
in the manufacturer's website.
a-Pxn was validated for immunohistochemistry and generated in PMID: 29237257.
a-Sima was validated for immunohistochemistry (PMID: 27585295).
a-PPO2 (rabbit, GenScript, U606 THE200) was generated in this study and was validated for immunohistochemistry by PPO2-FLAG
overexpression and PPO2 mutant background.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) S2R+ cell lines
Species : Drosophila melanogatser
Source : Oregon R (Cherbas, 2008.11.12)
Tissue source : embryo (Schneider, 1972)
Developmental stage : late embryonic stage (Cherbas, 2008.11.12)
Lab or origin : Schneider (Schneider, 1972)
S2R+ (Stock number #150, DGRC) cell line was provided by the Drosophila Genomics Resource Center (DGRC) in Bloomington,

IN, USA.

Authentication Morphology of S2R+ cells were validated. =
S
=

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination (DGRC). §
wW

Commonly misidentified lines Misidentified cell lines were not used.
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals One- or two-day old adult flies were used for mating. After egg collection, animals were raised in the Cornmeal/dextrose/yeast media
until the desired timepoint. Unless specific developmental stage was indicated in Figure or Figure Legend, late third instar (120h after
egg laying at 25'C) larva was used.

The following Drosophila stocks were used in this study.

HmI€)-Gal4 (S. Sinenko), HmI€)-Gal4 UAS-2xEGFP (S. Sinenko), lz-LexA LexAop-mCherry (J. Shim), UAS-hid, rpr (J.R. Nambu), 21-7-Gal4
(Y.N. Jan), btl-Gal4 UAS-GFP (BL8807), btl-Gal4 (BL78328), HmI€)-dsRed (K. Brueckner), UAS-NotchICD (U. Banerjee), 20xUAS-shits/
TM6B (A.J. Kim), UAS-Gtpx (W.J. Lee), tub-cyto-roGFP2-Orp1l (BL67670), UAS-PPO2-V5 (W.J. Lee), tub-Gal80ts (BL7016), btl RNAI
(BL43544), 1zr15 (BL33835), Iz-Gal4 UAS-GFP (BL6134), 20xUAS-6xmCherry-HA (BL52268), 13xLexAop-6xmCherry-HA (BL52271),
PPO2€) (BL56205), PPO1€) (BL56204), OK72-Gal4 (BL6486), UAS-mCD8::GFP (BL5137), eaterl (BL68388), hs-Gal4 UAS-nIsTimer
(BL78057), Notch-Gal4 (BL49528), PPO2 RNAi (VDRC107772), CAH2 RNAI (VDRC108184), MtnA RNAI (VDRC105011), Atox1 RNAi
(VDRC104437), Ctr1A RNAI (BL58107), Punt RNAi (VDRC37279), Baboon RNAi (VDRC3825), dSmad2 RNAi (VDRC14609), polo RNAI
(BL36093, BL33042, BL35146, BL36702), stg RNAi (BL34831, BL29556, BL36094), ush RNAi (BL32950, BL44041, BL29516), Ras&85D
RNAI (BL34619), PPO1 RNAI (VDRC 107599), fok RNAIi (BL63980), CG10467 RNAI (BL62208), Men RNAI (BL38256), CG15343 RNAI
(VDRC101184), Pdelc RNAi (VDRC101906), CG9119 RNAi (VDRC46326), CG7860 RNAi (VDRC108281), CG10469 RNAi (BL55291),
mthI10 RNAi (BL51753), Gip RNAi (VDRC105750), CG17109 RNAI (BL54033), Naxd RNAi (VDRC39667), peb RNAi (BL28735), tna RNA
(BL29372), Duox RNAI (U. Banerjee), and UAS-Sod?2 (BL24494), w1118 (BL3605), Oregon R (BL5), HmI€y-Gal4; UAS-FLP; ubi-FRT-STOP-
FRT-Gal4, Hml€)-Gal4 UAS-EGFP; Iz-LexA LexAop-mCherry, btl-Gal4 UAS-GFP; Iz-LexA LexAop-mCherry, UAS-mCD8::GFP; 21-7-Gal4;
HmI€-LexA LexAop-mCherry, UAS-mCD8::GFP; 21-7-Gal4, |z-LexA LexAop-mCherry, |zr15; Hml€p)-Gal4 UAS-EGFP, ok72-Gal4 UAS-
mCD8::GFP; Iz-LexA LexAop-mCherry, HmI€p-dsRed; btl-Gal4 UAS-GFP, btl-Gal4 UAS-GFP; Iz-LexA LexAop-mCherry, 21-7-Gal4 UAS-
mCD8::GFP; Iz-LexA LexAop-mCherry, tub-Gal80ts; btl-Gal4 UAS-GFP, PPO2€p; hs-Gal4 UAS-Timer, PPO2€p; Notch-Gal4, PPO2€p; US
PPO2, PPO2€); UAS-PPO2H369N, PPO2€p; UAS-Timer, and PPO2€p; UAS-L. pol He2-FLAG. Hmi€p-LexA, Iz-Gal4, UAS-PPO2, UAS-PPO2-
EGFP, UAS-PPO2-FLAG, UAS-PPO2H369N, UAS-PPO2H212NH/369N, UAS-PPO2R50A, UAS-PPO2H212NH/369N-FLAG, and UAS-L.pol
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Hc2-FLAG.
Wild animals None
Reporting on sex To measure the changes in pupal volume according to the oxygen concentration, the sex was divided and the experiment was

conducted after the division according to the male/female classification method during the larval period.
Field-collected samples  None

Ethics oversight None

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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