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The metabolic and redox state changes during the transition from an
arrested oocyte to a totipotent embryo remain uncharacterized. Here,
we applied state-of-the-art, integrated methodologies to dissect
these changes in Drosophila. We demonstrate that early embryos
have a more oxidized state than mature oocytes. We identified spe-
cific alterations in reactive cysteines at a proteome-wide scale as a
result of this metabolic and developmental transition. Consistent with
a requirement for redox change, we demonstrate a role for the ovary-
specific thioredoxin Deadhead (DHD). dhd-mutant oocytes are pre-
maturely oxidized and exhibit meiotic defects. Epistatic analyses with
redox regulators link dhd function to the distinctive redox-state bal-
ance set at the oocyte-to-embryo transition. Crucially, global thiol-
redox profiling identified proteins whose cysteines became differen-
tially modified in the absence of DHD. We validated these potential
DHD substrates by recovering DHD-interaction partners using multi-
ple approaches. One such target, NO66, is a conserved protein that
genetically interacts with DHD, revealing parallel functions. As redox
changes also have been observed in mammalian oocytes, we hypoth-
esize a link between developmental control of this cell-cycle transition
and regulation by metabolic cues. This link likely operates both by
general redox state and by changes in the redox state of specific
proteins. The redox proteome defined here is a valuable resource
for future investigation of the mechanisms of redox-modulated con-
trol at the oocyte-to-embryo transition.

Drosophila | thiol reactivity profiling | chemical proteomics | meiosis |
metabolomics

Although life is driven by reduction–oxidation (redox) reac-
tions (1), remarkably little is known about how metabolic

state interfaces with normal development. Reactive oxygen
species (ROS) were first described as a byproduct of metabolism
and a hallmark of disease and aging. Exciting new research,
however, implicated ROS more directly in cell signaling and
regulation (2). In a manner analogous to posttranslational
modifications, ROS can alter the oxidation status of cysteine
residues and thus affect protein stability, activity, and localiza-
tion or protein–protein interactions. In this respect, how ROS
link to the spatiotemporal regulation of development via down-
stream targets has not been explored thoroughly (3, 4).
The redox state in the cell exists in a dynamic balance between

ROS production and removal. The source of ROS is primarily
oxidative phosphorylation in mitochondria. The antioxidants
catalase and superoxide dismutase (SOD) neutralize ROS in a
direct enzymatic reaction. Further major ROS scavenger systems
are glutathione (GSH), which exists as GSH in its reduced state
and as glutathione disulfide (GSSG) in its oxidized state, and
thioredoxins (5, 6). GSH and thioredoxin utilize reducing power
provided by oxidative metabolism, tied to redox couples such as
NADPH/NADP+, to counteract oxidation via ROS. Under the
redox-optimized ROS balance hypothesis, energy metabolism,
antioxidants, and redox couples are in equilibrium to allow phys-

iological ROS signaling under varying conditions (7, 8). Ulti-
mately, the redox balance sets the oxidation level of downstream
targets via an interplay of scavenger systems with downstream
substrates such as protein and lipids (3, 9, 10).
A key developmental event is the oocyte-to-embryo transition,

when at fertilization the highly specialized oocyte becomes a
totipotent embryo. The oocyte-to-embryo transition, occurring in
the absence of transcription, relies on posttranscriptional and
posttranslational control. In this respect, could redox modulation
of protein function bring a highly dynamic, additional level of
regulation? Indeed, Dumollard et al. (11) showed that metabolic
activity and thus the redox potential varies during mouse
oogenesis and fertilization and is critical for early development.
In addition, several aspects of oogenesis and early embryogenesis
were blocked if proper redox balance was altered (12–14). Al-
though these studies suggest a direct role for ROS, no compre-
hensive analysis has been carried out, and the downstream
targets have not been investigated rigorously.
Intriguingly, Drosophila expresses an oocyte-specific thioredoxin,

Deadhead (DHD). DHD is required for early embryogenesis and
timely protamine-to-histone exchange in the male pronucleus in
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fertilized eggs (15–18). DHD redox activity is essential for its
function (17). A further exciting observation was that a ubiquitous
thioredoxin, Trx-2, did not recognize protamines as substrates.
This indicates that DHD has at least one specific target in early
development (15, 19). Because the protamine exchange defect did
not fully account for the developmental block in the mutant, more
roles and thus additional specific substrates are postulated for the
functions DHD likely controls through redox regulation in the
oocyte-to-embryo transition in Drosophila.
In this study, we describe an integrated approach to un-

derstand the role of redox in oogenesis and early embryogenesis
in Drosophila. We show that proper redox balance is essential for
meiosis completion, fertilization, and early embryogenesis. We
make use of recent technological breakthroughs enabling quan-
titative examination of the redox Cys-proteome (20–23). Our
data corroborate the emerging view that redox systems selec-
tively maintain a nonequilibrium redox dynamic in distinct sets of
the redox Cys-proteome (3). We propose that the developmen-
tally regulated thioredoxin DHD controls a specific set of sub-
strates by interpreting global changes at the level of energy
metabolism. Our findings provide a paradigm for understanding
redox-sensitive targets and pathways in other organisms or sys-
tems where cell-state transitions are accompanied by global
metabolic remodeling.

Results
The Oocyte-to-Embryo Transition Is Marked by a Change in Redox
State. To characterize metabolic changes at the Drosophila
oocyte-to-embryo transition, we optimized a targeted metab-
olomics method and compared ovaries enriched for mature
oocytes (stage 14), unfertilized activated 0- to 1-h eggs, and 0- to
1-h embryos. Drosophila unfertilized eggs undergo the events at
egg activation, including completion of meiosis, mRNA trans-
lation, and proteomic changes, but do not initiate embryonic
divisions (24, 25). Around 100 high-confidence polar metabolites
spanning major metabolic pathways were identified (SI Appen-
dix, Supporting Materials and Methods). Statistical examination by
principal component analysis showed that the ovary samples
were significantly different from fertilized or unfertilized eggs (SI
Appendix, Fig. S1A). In contrast, the fertilized and unfertilized
egg metabolomes clustered together. Results from two different
extraction protocols yielded consistent results (Dataset S1).

Pairwise comparisons between ovaries and 0- to 1-h embryos
identified several developmentally regulated metabolic pathways
(Dataset S2). We noticed that prominent among those were
redox-related pathways (Fig. 1A and SI Appendix, Fig. S1B). To
examine the redox state further, we focused on the redox couples
GSH/GSSG, NADPH/NADP+, and NADH/NAD+, as measured
directly by LC-MS (Fig. 1B). Decreases in these ratios revealed
that 0- to 1-h embryos had a more oxidized environment than
stage-14 enriched ovaries. Interestingly, unfertilized activated 0-
to 1-h eggs displayed GSH/GSSG ratios that were comparable to
those in embryos. NADPH/NADP+ and NADH/NAD+ also
show a similar trend in activated eggs and embryos relative to the
ovaries. This strongly suggests that the oocyte-to-embryo tran-
sition is sufficient to trigger a change in the oxidation state.
To validate these observations, we determined the redox state

in vivo in oocytes and in early embryos by redox-sensitive GFP
(roGFP) imaging. We utilized a previously characterized H2O2
sensor, cytoplasmic roGFP-Orp1 (26, 27). After modifying
existing protocols to circumvent the problem of yolk auto-
fluorescence (SI Appendix, Fig. S1 C and D), we compared the
degree of oxidation with the sensor in oocytes and 0- to 1-h
embryos. As evidenced by the reduction in the ratio of re-
duced/oxidized roGFP-Orp1, we detected higher levels of H2O2
in early embryos compared with oocytes (Fig. 1C). These mea-
surements corroborate our metabolomics analysis and demon-
strate that early embryos become oxidized as compared with
mature oocytes. Our data thus reveal major metabolic remod-
eling at the oocyte-to-embryo transition accompanied by prom-
inent redox state changes.

Thiol-Reactivity Profiling Demonstrates Global Cys-Proteome
Remodeling at the Oocyte-to-Embryo Transition. As the reactive
thiol proteome (RTP) is the intrinsic target of redox state
changes, we made use of recent technological breakthroughs to
quantify globally and compare the site-specific reactivity of the
RTP in late oocytes and early embryos (21–23). High-sensitivity
mass spectrometry was used to identify labeled targets site-
specifically after selective enrichment (20, 28–30). We employed
a dose-dependent labeling of the proteome with low and high
levels of a “clickable” thiol-reactive probe, alkynyl iodoaceta-
mide (IPM) (SI Appendix, Fig. S2A). This allowed us to quantify
hyperreactive cysteines, enriched with low-dose labeling, along
with less reactive cysteine sites that require higher concentrations
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Fig. 1. The redox state changes at the oocyte-to-embryo transition. (A) Pathway impact analysis fromMetaboAnalyst comparing control stage-14 enriched ovaries
and 0- to 1-h embryo collections using the formic acid extraction method. Several pathways that are statistically significantly different (P < 0.01 and false discovery
rate (FDR) < 0.05) are indicated. C, M, cysteine and methionine metabolism; GSH, glutathione metabolism; PPP, pentose phosphate pathway; TCA, citrate cycle. (B)
NADPH/NADP+, NADH/NAD+, or GSH/GSSG ratios measured by LC-MS analysis of formic acid-treated or Ellman’s reagent-derivatized extracts from ovary, 0- to 1-h
unfertilized activated eggs, or 0- to 1-h embryo collections from OrR control flies. Error bars represent the SD from three independent biological replicates; **P <
0.05. NADH/NAD+ and NADPH/NADP+ measurements were done with formic acid-treated extracts, and GSH/GSSG was analyzed from Ellman’s reagent-derivatized
extracts. (C) Live-cell imaging of the roGFP-Orp1 H2O2 sensor in oocytes (average of stages 9–14) or 0- to 1-h embryos from OrR flies. Values were normalized to
fully oxidized samples as depicted in SI Appendix, Fig. S1 C and D. Error bars represent the SD from three independent biological replicates. *P < 0.1.

Petrova et al. PNAS | vol. 115 | no. 34 | E7979

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental


of the reactive probe for labeling. We defined hyperreactive
cysteines as those having a ratio (R10:1) of heavy-to-light frac-
tions (100 μM versus 10 μM, respectively) below 2. In total, we
identified and quantified around 2,000 cysteine sites in wild-
type stage-14 enriched ovaries and in 0- to 1-h embryos (Fig.
2A and SI Appendix, Fig. S2B). The hyperreactive cysteines
account for 15% (315) and 11% (214) of the total quantified
sites in stage-14 enriched ovaries and early embryos, respectively
(Fig. 2A).
We next sought to perform a global and side-by-side com-

parison of the reactivity of the same cysteines in the two de-
velopmental stages. As shown in Fig. 2B, although a fraction of
cysteines (black) exhibits similar reactivity in both stage-14
enriched ovaries and 0- to 1-h embryos, 98 (blue) and 93 (red)
cysteines exhibited higher reactivity in early embryos or oocytes,
respectively. Gene Ontology (GO) category analysis identified
the category mitotic nuclear division as significantly enriched
(P = 0.0023) in the set of proteins that was more reactive in
embryos than in oocytes and the category single organism re-
productive process (P = 0.042) for the set of proteins that was
more reactive in oocytes than in embryos (Dataset S3). It is of
note that, unlike the RTP in mammals and worms (28, 29), the

Drosophila cysteines with low R10:1 values (<2.0) were not enriched
in residues with annotated function in either oocytes or embryos (SI
Appendix, Fig. S2B), potentially due to poor annotation of residue
and protein functions in the Drosophila UniProt database. The
functions of most hyperreactive cysteine sites identified in this
study are yet to be determined; however, our findings are con-
sistent with a broad remodeling of the RTP during the oocyte-to-
embryo transition paralleling global changes in metabolism and
redox state.

DHD Has Additional Functions at the Oocyte-to-Embryo Transition.
Oxidative stress responses in Drosophila must rely on the thio-
redoxin system to recycle oxidized GSH because no GSH re-
ductase activity has been found (31, 32). The redox changes we
observed made it important to evaluate the role of the de-
velopmentally restricted, ovary-specific thioredoxin DHD (see
the model in SI Appendix, Fig. S4H). DHD (SI Appendix, Sup-
porting Results) has been shown recently to be required for the
protamine-to-histone exchange and the dynamics of sperm
decondensation at the onset of embryogenesis (15, 16). The
defect, however, did not account for the complete developmental
block observed in dhd mutants (17, 18). Using a combination of
three independent null alleles (Materials and Methods) that
allowed us to control for background effects, we investigated
sperm-independent functions of DHD.
First, we scored completion of meiosis in a 0- to 1-h activated

unfertilized egg collection from transheterozygous dhd-mutant
mothers. A major fraction of the eggs delayed at various stages
of meiosis: 46% of dhdJ5/dhdP8 eggs compared with 8% of the
sibling controls (Fig. 3A). In 0- to 2-h egg collections, fewer
meiotic stages were observed, but there was an accumulation
of polar body defects (see also SI Appendix, Supporting Results).
A similar trend was observed when parents that carried the
null alleles dhdP8 or dhdJ5 and that were used to generate the
transheterozygous mothers were interchanged, yielding the
dhdP8/dhdJ5 transheterozygous combination (Materials and
Methods and SI Appendix, Fig. S3A). Second, we performed time-
course experiments with in vitro-activated eggs from trans-
heterozygous dhdP8/dhdJ5 mutants and sibling controls (Fig. 3 B
and C). We consistently scored a delay in meiotic progression. A
similar reproducible trend was observed with the dhdJ5/dhdP8

transheterozygous combination (SI Appendix, Fig. S3B). The
meiotic delay also was clearly mirrored in the analysis of deg-
radation dynamics of Cyclin B, which decreased by 20–30 min in
control eggs. However, reproducibly, no significant decrease was
observed even after 50 min in dhd mutants (Fig. 3C and SI Ap-
pendix, Fig. S3C). This delay could not be solely due to a failure
to activate mature oocytes from dhd-mutant mothers, as all an-
alyzed eggs were bleach resistant and thus had a cross-linked
vitelline envelope, an early activation event (33). Finally, we
noted chromosome-organization defects in dhd mutants pro-
gressing through meiosis (SI Appendix, Fig. S3D). Indeed, we
identified cohesin and condensin subunits in the RTP (Dataset
S3). As SOD1 and SOD2 have recently been implicated in the
maintenance of sister-chromatid cohesion in midprophase I and
metaphase I Drosophila oocytes (34), we evaluated whether the
metaphase I arrest would be similarly affected in dhd mutants.
Examination of DNA morphology in mature stage-14 oocytes
showed a significantly higher breakdown of the metaphase
I alignment in transheterozygous Df(1)dhd81/dhdP8 but not
Df(1)dhd81/dhdJ5 mutants compared with controls (SI Appendix,
Fig. S3E). In conclusion, our data clearly demonstrate that DHD
has additional roles during the completion of meiosis (see also SI
Appendix, Supporting Results).

DHD Functions Are Linked to General Redox Control. Next we asked
if DHD function relates to the general redox state. We measured
redox pairs by metabolomics in sibling control and mutant

0 2 4 6 8 10 12 14 16

0

2

4

6

8

10

12

14

16

oyrb
m

E

Oocyte

B
Pearson Coefficient: 0.45

R10:1 <2.0 10:1 R10:1 >5.0 

15%

34%51%

11%

46%
43%

O
oc

yt
e

E
m

br
yo

A

Fig. 2. Cysteine-reactivity profiling of the oocyte-to-embryo transition. (A)
Pie charts showing the distribution of cysteine reactivity of the Drosophila
stage-14 enriched ovary and 0- to 1-h embryo proteome. (B) Correlation of
proteomic cysteine reactivity quantified in stage-14 enriched ovaries and 0-
to 1-h embryos. The determined R10:1 values of the cysteines present in both
ovary and embryo samples are plotted against each other for comparison.
Cysteines with an Rova

10:1/R
emb

10:1 ratio >2 are in blue; cysteines with an
Rova

10:1/R
emb

10:1 ratio <0.5 are in red. Heavy/light (100 μM/10 μM) ratios were
calculated from at least three biological replicates, with two technical runs
for each.

E7980 | www.pnas.org/cgi/doi/10.1073/pnas.1807918115 Petrova et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807918115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1807918115


dhdP8/dhdJ5 stage-14 enriched ovaries and 0- to 1-h embryos. The
GSH/GSSG ratio measurement remained unchanged in both
embryos and ovaries from the dhdP8/dhdJ5 mutant (Fig. 4 A and
B). However, we measured a significant difference in the
NADH/NAD+ but not in the NADPH/NADP+ ratio in stage-
14 enriched ovaries from the dhdP8/dhdJ5 mutant (SI Appendix,
Fig. S4A). We then utilized the in vivo H2O2 sensor roGFP-
Orp1, which indicated higher levels of H2O2 in dhdJ5-mutant
late oocytes (Fig. 4C). H2O2 levels in mutant 0- to 1-h embryos
remained unchanged, an observation consistent with our LC-MS
demonstration that embryos are more oxidized than oocytes.
Notably, oocytes were not oxidized to embryonic levels in the
absence of DHD. We also did not observe major differences in
the metabolomes of stage-14 enriched ovaries or 0- to 1-h em-
bryos from dhd mutants (SI Appendix, Supporting Results). Taken
together, our measurements indicate that DHD is partially re-
quired for the redox state in oocytes, where its protein levels are
high, but not in early embryos, where its protein levels decreased
(SI Appendix, Supporting Results). This observation is also con-
sistent with our phenotypic characterization above.
We further reasoned that if the dhd-mutant phenotype resulted

from a misbalance in the general redox state, we should be able
to modify one or all of its phenotypes by changing redox in-
dependently. We first asked if embryonic progression would be
modulated in progeny from FM7/dhdJ5;Mat(alpha)-GAL4mothers
that also had UAS-RNAi lines against genes encoding redox
proteins. In addition to mitotic defects, we scored 0- to 1-h
embryos for the presence of meiotic or fertilization stages. De-
pletions of trx-2, the ubiquitous thioredoxin, and, to a lesser ex-
tent, of trxr-1 or the pentose phosphate pathway gene zw
(zwischenferment, a glucose-6-phosphate dehydrogenase) did not
cause significant defects on their own but showed substantial
synthetic interaction with dhdJ5 (Fig. 4D and SI Appendix, Fig.
S4D). In addition, several RNAi lines showed meiotic and fer-
tilization defects and an increase in defects if one gene copy of
dhd was removed (Fig. 4D). The effect was strongest with sod1

(RNAi line 32909). Several examples of defective mitosis are
shown in SI Appendix, Fig. S4E, with the most common being
spindle defects and big multipolar spindles with an aberrantly
large number of chromosomes. Furthermore, the most penetrant
sod1 RNAi line led to a phenotype similar to that of a dhd
complete null—a block in early embryogenesis, the presence of
spindles with a haploid number of chromosomes, and an increase
in polar body defects, indicative of defective meiosis completion
(SI Appendix, Fig. S4E).
Next, we tested if mild overexpression of sod1 or sod2 would

affect progression through embryogenesis in a dhd mutant. We
crossed FM7/dhdJ5; Mat(alpha)-GAL4 females with males that
were either wild-type or dhdJ5 and carried UAS-driven sod1 or
sod2 transgenes. In 0- to 2-h embryos produced by mothers de-
rived from this cross, we observed an increase in the number of
embryos with condensed sperm if the mothers were dhdJ5/dhdJ5;
Mat(alpha)-GAL4/UAS-sod1 or sod2. This suggested an exacer-
bated dhd phenotype upon mild overexpression of either sod1 or
sod2 (Fig. 4E and SI Appendix, Fig. S4F). Thus, in this context,
SODs could be increasing the concentration of H2O2, further
collapsing the redox balance in the dhd mutant.
Finally, we focused on meiotic progression. We tested the

effect of the reducing agent DTT on dhdP8/dhdJ5 or sibling
control oocytes activated for 20 min in vitro. We first noted that
the addition of 5 mM DTT markedly delayed meiotic progres-
sion and/or activation in control oocytes (Fig. 4F). Interestingly,
the effect of DTT was suppressed in mutant dhdP8/dhdJ5 oocytes,
which are more oxidized and thus are able to compensate for the
change in reductive state caused by DTT. Thus, an increase in
oxidation level is required to proceed from stage 14 to the onset
of anaphase in vitro. We did not observe the same effect with the
dhdJ5/dhdP8 allele combination, presumably due to stock-specific
differences impinging on redox state (SI Appendix, Fig. S4G).
These observations illustrate the need for a unique redox balance
for proper progression through meiosis and embryogenesis and
indicate that DHD functions as part of the global redox network
(SI Appendix, Fig. S4H).
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DHD Affects a Specific Set of Reactive Cysteine-Containing Proteins.
Together our data indicate proteome-wide redox regulation with
indispensable functions at the oocyte-to-embryo transition and,
in particular, a central role for DHD. Therefore the global RTP
changes we report must be redox-driven, at least in part. To
narrow down which proteins or cysteines depend on DHD, we
turned to thiol-redox proteomics (SI Appendix, Fig. S5A). The
RTP in transheterozygous mutant dhd stage-14 enriched ovaries
or 0- to 1-h early embryos and their sibling controls were first
labeled with 100-μM IPM probe, which has been demonstrated
by our and other groups to label the native RTP completely (28,

30). The analyses evaluated Rmutant/control (Rmut/crl) values for up
to ∼6,000 cysteines in each tissue from three biological repli-
cates. Low Rmut/crl values are indicative of cysteines with de-
creased reactivity in dhd mutants, suggesting potential DHD-
regulated targets. The majority of identified cysteines showed
Rmut/crl values higher than 0.67 (Fig. 5A and Dataset S4).
We found a specific set of cysteines whose apparent reactivity

decreased more than 1.5-fold (Rmut/crl <0.67) in dhd mutants
(dhdJ5/dhdP8 transheterozygotes) compared with control samples
from both stage-14 enriched ovaries and 0- to 1-h embryos. By
comparing the Rmut/crl values determined in late oocytes and
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Defects included large multipolar spindles, fused nuclei appearing to missegregate, free asters, and other microtubule or segregation defects (see examples in
SI Appendix, Fig. S4F). (E) Embryonic progression of indicated GAL4-UAS–driven overexpression (OE) from FM7/dhdJ5 or dhdJ5/dhdJ5; Mat(alpha) GAL4
mothers with the indicated UAS transgenes. DAPI- and anti-tubulin–stained 0- to 1-h embryo collections were categorized based on exact stage in early
development, presence of defects, or meiotic and fertilization stages. Fertilization stages included pronuclear migration and juxtaposition. FM, FM7 balancer;
PB, polar body. This experiment was done once. (F) Quantification of meiotic progression at 20 min after in vitro activation (IVA) of mature, MI-arrested stage
14 oocytes from dhdP8/dhdJ5 young females and corresponding sibling controls in the presence of 0 or 5 mM DTT. As oocytes become activated, DNA
morphology changes from the MI-arrest configuration (st14-like category) to chromosome becoming more condensed and individualized (individualized
category). This is a representative experiment from three biological replicates.
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early embryos, we next identified 237 cysteines that exhibited a
greater DHD-dependent decrease of reactivity in embryos from
dhdJ5/dhdP8-mutant females than determined in oocytes (Fig. 5A,
Right). However, in samples from dhdP8/dhdJ5 transheterozygous
mutant females, only 17 cysteines demonstrated decreased re-
activity in dhdP8/dhdJ5-mutant embryos versus oocytes (SI Ap-
pendix, Fig. S5B). These differences suggested that the origin of
the dhdJ5 allele or the dhdP8 allele in the cross to generate
transheterozygous mutant mothers mattered. Interestingly, the
observed effects on the RTP tracked with observed phenotypic
differences, as we consistently detected more penetrant pheno-

typic effects in embryos and unfertilized eggs when G0 mothers
carried the dhdP8 allele (Fig. 3A and SI Appendix, Figs. S3A and
S6D) and in oocytes when G0 mothers carried the dhdJ5 allele
(compare Fig. 3B and SI Appendix, Fig. S3B).
To gain a better understanding of the cellular distribution and

biological functions of potential DHD targets, we performed a
bioinformatics analysis based on GO classification. The GO
analysis revealed that the potential targets of DHD revealed by
analysis of dhdJ5/dhdP8 mutants were enriched in various intracel-
lular compartments, such as microtubule-associated complex (P =
6.3 × 10−7) and nucleus (P = 0.0056) (Dataset S5). For oxidized
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proteins, among the top GO-enriched biological process cate-
gories in dhdJ5/dhdP8 0- to 1-h embryos were cell cycle process
and cytoskeleton organization (P = 5.4e-11; P = 3.8e-7) (Dataset
S5). In summary, our substrate analyses reveal a highly specific
list of DHD-dependent, potentially developmentally regulated
targets. The general redox network likely controls a broader set
of substrates (Fig. 2), and DHD plays a key role possibly to
provide developmental specificity.

DHD-Specific Redox Targets Are Required in Early Embryogenesis. To
investigate direct substrates of DHD, we performed pulldowns
from either stage-14 enriched ovaries or 0- to 2-h embryo ex-
tracts incubated with recombinant mutant DHD in which the
conserved resolving cysteine residue (Cys-34) was mutated to
serine. This is predicted to trap thioredoxin targets covalently so
that bound proteins can be eluted with a high concentration
of reducing agent (35). A similarly generated mutant for Trx-
2 allowed us to distinguish potential shared versus DHD-specific
targets by quantitative mass spectrometry (Dataset S6). Relative
enrichment was quantified for roughly 130 proteins. Among the
top enriched interactors of Trx-2 in both late oocyte and early
embryo samples were the redox proteins peroxiredoxin 3 and
jafrac1 (thioredoxin peroxidase 1). DHD, however, associated
with more and diverse proteins in both oocytes and embryos. A
major fraction of DHD interactors was ribosome or ribosome-
associated. Prominent among these, shared between Trx-2 and
DHD, was CG2982 (nucleolar protein 66, NO66).
We carried out additional validation of DHD targets using an

eGFP-dhd transgenic line (SI Appendix, Supporting Results). We
performed eGFP-Trap immunoprecipitations from extracts
generated from either whole ovaries enriched for stage 14 oocytes
or 0- to 1-h embryo collections. We identified 57 and 73 proteins,
respectively, that were significantly associated with DHD in
oocytes or embryos by significance analysis (Significance Anal-
ysis of INTeractome; SAINT), respectively (SI Appendix, Fig. S5
C and D and Dataset S6). Underscoring the robustness of our
assays, we identified thioredoxin reductase-1 as well as the pre-
viously described interactor nucleoplasmin like (nucleoplasmin
only in the embryo experiment) (16). As with the DHD (C34S)
pulldown, a pronounced characteristic was that a significant
fraction of interactions seemed under developmental control, as
they were present in either late oocytes or early embryos (SI
Appendix, Fig. S5C). Thirty-two interactors were common be-
tween oocyte and embryo, whereas 25 were oocyte-specific, and
41 were embryo-specific.
We identified which of the immunoprecipitation interactors

contain reactive cysteines with a DHD-dependent decrease of
reactivity (SI Appendix, Fig. S5E and Dataset S6). Several ribo-
somal proteins were among these. We also noted that DHD
interactors in embryos and oocytes were enriched for ribonu-
cleoprotein or translation-related GO categories (translation,
P = 5.32 × 10−11 in embryos and P = 9.45 × 10−6 in oocytes;
ribonucleoprotein complex assembly, P = 4.93 × 10−8 in embryos
and P = 5.2 × 10−6 in oocytes) (Dataset S6). One related
interactor, present in all three datasets, was NO66. In partic-
ular, Cys239 of NO66 exhibited a DHD-dependent decrease of
reactivity in embryos (Fig. 5B and SI Appendix, Fig. S5F). Moreover,
NO66 could be immunoprecipitated with DHD-eGFP in
S2 cells and colocalized with DHD-eGFP in the nucleolus (Fig.
5 C and D).
To test if NO66 functions together with DHD at the oocyte-to-

embryo transition, we crossed a UAS-RNAi line against no66 to
FM7/dhdJ5; Mat(alpha)-GAL4 and analyzed early embryonic
progression in 0- to 1-h embryo collections from females with or
without the no66 UAS-RNAi or dhdJ5 mutation. Interestingly,
although RNAi against no66 alone did not cause significant
defects in the embryo, no66 showed delays and defects in mitotic
progression in the absence of one copy of dhd (Fig. 5E and SI

Appendix, Fig. S5G). This epistatic interaction is consistent with
NO66 and DHD acting in parallel to control the same process.

Discussion
Although redox state changes have been described to occur in
oogenesis and embryogenesis in diverse systems, no compre-
hensive analysis of the regulators and targets of redox has been
carried out. In this work, we demonstrate that global redox
changes occur at the oocyte-to-embryo transition in Drosophila.
Redox pair measurements by LC-MS or in vivo H2O2 sensor
imaging showed that embryos are more oxidized. The de-
velopmentally regulated thioredoxin DHD contributes to these
changes so that the GSH/GSSG and NADH/NAD+ ratios and
H2O2 levels in oocytes partially depend on its proper function.
DHD works in conjunction with other redox proteins to ensure
the fidelity of meiosis completion, fertilization, and early em-
bryogenesis. DHD likely exerts its function via specific sub-
strates, and we found that DHD interacts with other proteins in
addition to the previously described protamines. Importantly, we
linked global changes in redox state to corresponding changes in
the redox-thiol proteome and documented a set of specific
DHD-dependent redox targets. We found that one such sub-
strate, NO66, contributes to DHD function during early em-
bryogenesis. Our study leads to the hypothesis that metabolic
changes occurring in the context of a developmental transition
can be utilized to modify the function of specific downstream
proteins and protein networks via dedicated redox systems (see
model in SI Appendix, Fig. S5H).
Our work extends previous studies describing metabolic

changes in Drosophila during oogenesis and embryogenesis (36,
37). The metabolome changes as the Drosophila fertilized oocyte
is activated to proceed through embryonic development. Within
a very short time frame, 0–1 h after egg-laying, there are meta-
bolic changes that affect, among others, the TCA cycle, amino
acid metabolism, the pentose phosphate pathway, and purine
metabolism. Although the mechanism by which metabolic changes
and redox interact in early embryogenesis in Drosophila is yet to
be determined, it is possible that this could occur via modula-
tion of mitochondrial functions. Recently, mitochondria were
shown to exist in a quiescent state in Drosophila oocytes and to
reactivate in embryos (36). It will be interesting to investigate in
the future how mitochondrial function, calcium signaling, and
ROS generation and signaling are coupled at the oocyte-to-
embryo transition.
The oocyte-specific thioredoxin DHD is a key developmentally

regulated node in the redox control of the oocyte-to-embryo tran-
sition in Drosophila. DHD protein levels are regulated, increasing
markedly during oocyte maturation and sharply decreasing at egg
activation (SI Appendix) (25, 38). Interestingly, sperm-specific thi-
oredoxins have been described in mammals as well as in Drosophila
(39, 40). Developmental control of thioredoxins could thus be a
broader strategy to modulate cell-state transitions in other systems.
A key question that our study poses is whether DHD exerts its

essential roles at the oocyte-to-embryo transition via modulation
of global redox state and/or via specific downstream targets. We
found that DHD is partially required for redox state in late
oocytes. The effect on the GSH/GSSG ratio could be via thio-
redoxin’s direct contribution in Drosophila to the GSH cycle, as
no GSH reductase has been found (31, 32). Interestingly, our
genetic analysis of interaction between dhd and trx-2 revealed an
overlap of function, such that the proteins could cooperate in
setting the proper GSH/GSSG ratio in late oocytes and early
embryos. The genetic interactions between dhd and other genes
involved in redox control argue for a global role for general re-
dox in the oocyte-to-embryo transition. This conclusion is sup-
ported further by the observation that modulation of the redox
state balance by the addition of DTT affected progression
through meiosis in the in vitro system.
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In addition to redox control at a global level, we showed both
by physical interactions and reactive-thiol mass spectroscopy
profiling that specific proteins are DHD targets. Along with
TrxR1, a well-known DHD partner, NO66 was one of the
strongest interactors. NO66 was identified by our thiol-redox
proteomics analysis as having a cysteine residue (C239) whose re-
activity diminished, indicating thiol-oxidation, in dhdJ5/dhdP8-mutant
embryos. NO66 is a JmjC domain-containing histone demethyl-
ase, shown recently to act as a suppressor of variegation and to
localize to the nucleolus in flies (41). A link to redox control is
that JmjC domain-containing proteins have been described as
requiring ascorbate, a reducing agent, for optimal activity in
vitro (42, 43). The colocalization between DHD and NO66 in the
nucleolus in S2 cells is consistent with a functional relationship.
Importantly, the genetic interaction between no66 and dhd
further supported this notion. DHD interacts with and/or mod-
ulates ribosomal and RNA-binding proteins and thus could
control aspects of nucleolar or ribosomal function. Interestingly,
the human NO66 has been described as having ribosome
oxygenase activity (44). In the future, it will be important to
mutate redox-sensitive cysteine residues on potential DHD
targets and examine functions in vivo.
Intriguingly, the mitochondrial NADH dehydrogenase ND-

75 is among the top changed reactive cysteine-containing pro-
teins in dhd mutants. Although the same residue (C193) is not
present in our wild-type reactive Cys-proteome, the conserved
cysteine Cys712 changes reactivity between oocytes and embryos.
As ND-75, along with other complex I subunits, leaks into the
cytoplasm in late-stage oocytes (36), an exciting possibility is that
DHD-dependent global redox changes occur via modulation of
mitochondrial metabolism. Furthermore, in our interaction
partner analysis, we noted the presence of SOD1, a thioredoxin
partner previously described in plants (45). These observations
suggest that the effect of DHD on global H2O2 as well as on
NADH/NAD+ levels could be via modulation of the function of
downstream targets. Thus, global and specific redox roles are
likely interwoven. Overall, we propose a model whereby DHD
affects specific targets in a developmental context, thus “trans-
lating” the metabolic and redox changes to control important
regulators of the oocyte-to-embryo transition (SI Appendix,
Fig. S5H).
Thiol-redox proteomic studies have been widely successful in

understanding thiol-redox dynamics in various systems but have
not been broadly applied in a developmental context (21–23). In
this regard, model organisms offer the advantage of applying
integrated approaches. For example, Knoefler et al. (46)
monitored thiol-redox changes as a function of life span in
Caenorhabditis elegans. Menger et al. (47) showed the dramatic
effect of fasting on the Drosophila reactive-thiol proteome. In
this study, we demonstrate the use of thiol-redox proteomics to
investigate the oocyte-to-embryo transition in Drosophila. In
addition to identifying specific targets of DHD, 500 cysteines
were found to become differentially reactive at egg activation.
This dataset will be a valuable resource for the community. Our
results provide evidence that a defined set of regulators along
with general redox state control the oocyte-to-embryo transition.
We conclude that remodeling of the reactive thiol proteome

should be considered a fundamental part of this critical
developmental window.

Materials and Methods
Fly Stocks and Transgenic Lines. Oregon R was used as the wild-type control.
dhdJ5, dhdP8, and Df(1)dhd81 are null alleles and have been described pre-
viously (18). Table 1 outlines the crosses between the various dhd alleles
used to generate dhd transheterozygous flies. twineHB5 (48) males were
used to generate unfertilized activated eggs. roGFP-Orp1 flies were de-
scribed previously (27). Flies were maintained at 22 or 25 °C on standard
Drosophila cornmeal molasses food. The strains carrying the maternal Mat
(alpha)-GAL4 driver carried Wolbachia.

Immunoprecipitation to Identify DHD Interactors. The 0- to 1-h embryos were
collected from mothers with either eGFP-dhd transgenes (SI Appendix,
Supporting Results and Supporting Materials and Methods) or OrR controls.
Ovaries were isolated from females of the same genotypes. These ovaries
were enriched for stage-14 oocytes by using virgin females fattened on yeast
for 2 d and starved for an additional 2 d. The embryos or ovaries were frozen
in liquid nitrogen. Extracts were prepared as described by Hara et al. (49),
and the protein concentration was adjusted to 3 μg/μL. eGFP-DHD was
immunoprecipitated from 3 mg of the protein extracts with 25 μL GFP-
TRAP_MA beads (ChromoTek) for 30 min. After three washes with Non-
idet P-40 lysis buffer [25 mM Tris (pH 7.4), 0.5 mM EDTA, 0.5% Nonidet P-40],
proteins were eluted by a 10-s incubation in 15 μL 0.2 M glycine, pH 2.5. The
eluate was neutralized with 1 μL of 1-M Tris·HCl (pH 8), and proteins were
precipitated by 10% TCA. The pellet was washed with ice-cold acetone and
frozen in liquid nitrogen.

Cysteine Proteome Labeling. For quantitative comparisons of changes in
cysteine reactivity between dhd mutants and corresponding sibling controls,
∼3 mg total tissue (ovaries or embryos) was used per replicate. Stage-
14 enriched ovaries or 0- to 1-h embryo collections were collected as for
immunoprecipitation and stored at −80 °C. The tissue was homogenized in
500 μL Nonidet P-40 buffer containing 200 units/mL catalase (Sigma-Aldrich)
and 100 μM IPM (EVU111; Kerafast) in a Bioruptor (Diagenode) at 4 °C for
15 cycles of 30 s on and 30 s off, incubated on ice for 20 min, and further
incubated at RT for 1 h. The protocol then was followed as described pre-
viously (see also SI Appendix, Supporting Materials and Methods) (20, 30).
Reactive cysteine profiling was performed in a similar way, with one-half of
the samples treated with 10 μM IPM and one half with 100 μM for 1 h at RT.

roGFP Live-Cell Imaging. A method was developed to avoid the background
from yolk autofluorescence (SI Appendix, Supporting Materials and Meth-
ods). Embryos or oocytes were transferred to two wells on Lab-Tek slides in
500 μL of Grace’s unsupplemented medium and were imaged immediately.
Then 500 μL of Grace’s medium supplemented with either 2 mM diamide
(D3648; Sigma Aldrich), 0.6% H2O2 (H1009; Sigma Aldrich), or 10 mM DTT
(D9779; Sigma Aldrich) was added as specified, and samples were imaged
again. Imaging took around 30 min in total, which corresponded to treat-
ment with the oxidizing or reducing reagent for 7 min. Images were taken
with fixed exposure times at both 405/535 nm and 488/535 nm excitation/
emission settings on a Nikon ECLIPSE Ti microscope with Plan Fluor 10× or
Plan Apo 20× objectives using NIS-Elements software. Three regions of in-
terest away from any yolk autofluorescence signal were chosen per oocyte
or embryo, and intensities were measured using ImageJ (https://imagej.nih.
gov/ij). Ratios were averaged in Excel.
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w dhdP8/FM7 Df(dhd81)/Y Df(dhd81)/FM7 Df(dhd81)/w dhdP8

Only the sex chromosome genotypes are shown.
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