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Extended Data Fig. 4b
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Supplementary Note

Evolution of the SOA gene

SOA evolved by a gene duplication event from its paralogue AGAP005747 (Extended
Data Fig. 1b-e), which is located directly next to SOA (Extended Data Fig. 1e). The
region encoding SOA is syntenic among Culicidae and, except for SOA, maintained
between the Anophelinae and Culicinae subfamilies (Extended Data Fig. 1e).
AGAP005747 mRNA is maternally deposited and its expression is not sex-biased
(Extended Data Fig. 1f). SOA instead is not maternally provided, but strongly induced
after ZGA (Fig. 1b) and maintains male-biased expression throughout all subsequent
developmental stages (Extended Data Fig. 1g), indicating that after the duplication,
SOA diverged from the function of its paralogue.

The SOA paralogue (AGAP005747) differs from SOA in lacking the N-terminal myb-
DNA binding domain (Extended Data Fig. 3a-b). The intronic stop codon and exon-
intron junctions are fully conserved among A. gambiae, A. arabiensis, A. minimus, and
A. albimanus (Extended Data Fig. 4c) indicating a strong selection to maintain full-
length SOA expression only in males, but not females

Supplementary discussion

In this study, we have identified and characterized the gene SOA, which encodes the
master regulator of Anopheles gambiae DC. SOA evolved in Anopheles and displays
conserved, sex-specific alternative splicing. It is a DNA binding protein, binds to X-
linked gene promoters and is sufficient to induce X-chromosome upregulation upon
expression in female cells and mosquitos. Its absence in vivo leads to a male-specific
developmental delay linked to the dysregulation of the X chromosome. Thus, SOA is
the first master regulatory factor of a chromosome-wide DC mechanism described in
a non-model organism.

Sex determination cascades and alternative splicing of SOA.

The fact that full-length SOA expression in females is prevented by alternative splicing
is conceptually similar to the regulation of Drosophila msl-2 1. The female sex
determination factor SXL binds to an alternatively spliced intron preventing ms/-2 RNA
export and translation. Thereby, MSL2 protein is only present in Drosophila males. In
contrast to MSL2, peptides of the truncated Anopheles female SOA protein are
detectable in mass spectrometry. However, female SOA1-229 does not associate with
the X chromosome and is not functional for DC.

At ZGA, SOA isoforms are identical between sexes. Shortly thereafter, SOA sex-
specific splicing is progressively established. We therefore hypothesize that a female
factor already present in the egg prevents intron 2 excision. The sex determination
pathway factor Femaleless (Fle) contains several RNA-binding domains and its knock-
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down is associated with misregulation of X-linked transcripts in females 2. Therefore,
Fle could be preventing SOA splicing in females akin to SXL targeting ms/-2.

SOA evolved by a tandem gene duplication event from a paralogue, which is not sex-
specifically spliced. This raises the question of where SOA’s intron comes from. SOA
may have hijacked intron sequences from conserved genes with sex-specific
alternative splicing. This would make the evolution of the splicing mechanism more
rapid, as the sequence could take advantage of pre-existing splicing factors. Indeed,
FLE controls the sex-specific splicing of several transcripts (e.g. fruitless or doublesex
2), which are well conserved among insects 3. If gene duplication precedes the
evolution of alternative splicing, a newly arisen DC factor such as SOA would be
expected to be beneficial in only one sex, but detrimental in the other one, since it will
lead to the overexpression of X-linked genes. Under these conditions, alternative
splicing is strongly selected, as it may alleviate or even resolve the conflict, whereupon
DC can spread to fixation.

The phenotype of SOA-KI mosquitos is different from mutants in the sex determination
pathway, which show sex reversal, sterility or lethality of variable penetrance 245. Yob
knock-down causes a skewed sex ratio, but its impact on developmental timing and X
chromosome expression in males has not been assessed 4. Conversely, ectopic
expression of Yob in females leads to different phenotypes including developmental
delay, intersex phenotypes and low penetrance lethality 6. The expression of Guy1,
the Y-linked maleness gene in Anopheles stephensi, confers complete female-specific
lethality at embryonic stages, which is accompanied by an upregulation of X-linked
genes . The molecular functions of Guy1/Yob are not known yet, but our data shows
that SOA directly binds to the X chromosome, while interfering with its function is not
lethal. We favor a model where Guy1/Yob induce SOA, but also other yet to be
identified factors, the latter of which or their combination with X-misregulation is causal
to sex-specific lethality. It will be interesting to assess Guy7-mediated lethality in A.
stephensi under conditions where SOA is not functional.

Specificity and pattern of X chromosome binding.

By which molecular mechanism can SOA identify the X chromosome? SOA'’s property
of targeting promoters of active genes is different from e.g. the Drosophila MSL
complex, which initially binds at high affinity sites and then spreads to X-linked genes
8, The SOA-bound promoters are enriched in CA-dinucleotide repeat sequences,
which became specifically expanded in the X chromosome of Anopheles, but not in
the related Aedes mosquitos that lack sex chromosomes. The CA-expansion in
Anopheles may have occurred in a similar fashion as for the Drosophila miranda X
chromosome, where the domestication of a mutant helitron transposable element has
contributed to expansion of GA repeats for MSL binding °. Several features of the X-
linked CAmotifs (higher frequency, increased length and motif clustering) may provide
cooperativity and thereby be relevant to provide stable chromatin association of SOA.
For Drosophila GAGA factor (as SOA, a DNA-binding - BTB domain containing
protein), cooperative binding provides recognition of the proper target sites, despite
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the relatively high abundance of individual GAGA-motifs across the genome '°. Our
data shows that the BTB-domain boosts SOA’s ability to bind DNA. However, the
isolated myb - BTB fragment is not sufficient to distinguish CA- from non-CA
sequences in vitro. Because the myb-domain is necessary for X chromosome binding
in vivo we propose that allosteric regulation or co-factor recruitment provided by the
C-terminal part help SOA to find its proper target sites.

By directly associating with the X chromosome SOA joins a very small list of master
regulators that are sufficient to induce chromosome-wide expression alterations (D.
melanogaster MSL2 ', C. elegans SDC-2 2, Mammalian Xist 73). What happens next
when SOA is recruited to the X? Since SOA does not have an enzymatic domain that
could directly influence the chromatin state by e.g. catalyzing histone modifications, it
is likely that other factors interact with SOA. Akin to Drosophila MOF, which is
expressed in both sexes, these SOA co-factors do not necessarily need to be sex-
specific, as SOA expression in females triggers upregulation of X-linked genes without
Yob. After SOA recruitment to X-linked promoters, transcription itself (e.g. pause
release or elongation '#) or co-transcriptional RNA processing events '® may be
altered. The associated mechanisms that superimpose on gene regulation per se
remain to be identified.

Role of SOA in DC and physiological consequences of its loss.

In contrast to the lethal phenotypes in model organisms, the loss of DC in males or its
ectopic induction in females is associated with a developmental delay in Anopheles.
This is interesting for several reasons. While the molecular activities of DC complexes
in model organisms have been studied in great detail, the physiological consequences
of their absence and especially the reasons for lethality still remain unclear.
Hypotheses range from misregulation of very few, putative haplo-lethal genes
encoded on the X, to a global gene-dosage imbalance causing perturbation of gene
regulatory networks, overload of cellular machineries such as the ribosome,
chaperones and proteotoxicity '6. In this dosage-imbalance model, the nature of the
X-linked genes is not the primary determinant of lethality. Instead, lethality is caused
by the extent of the imbalance and related to the number of X-linked genes and their
interaction partners on autosomes '7. Despite having comparable overall gene
numbers, Drosophila possesses approximately 2500 X-linked protein-coding genes,
while Anopheles has only 1063. It is also noteworthy that a lack of DC in Drosophila is
not fully incompatible with development: expression imbalance in ms/-mutants
manifests as early as a few hours of embryogenesis '8. However, lethality only occurs
at the larval/early pupal stage around 6 days later ' and notably, rare escapers
reaching the adult stage can be observed in roX7/2 mutants 2°. Another factor possibly
responsible for the weaker phenotypic consequences in Anopheles is the generation
of autosomal retrocopies of X-linked genes 2'. Thereby, dosage-sensitive genes can
‘escape” the X chromosomal imbalance and there is no need for DC anymore.
Nonetheless, the developmental delay, as shown by computational modeling and
supported by experimental observations in our laboratory populations, is a strong
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enough phenotype to provide sufficient evolutionary pressure for DC to evolve. The
fitness defect may be even more relevant in a natural environment, where female
Anopheles mate only once with a chosen “significant other” in swarms of up to a few
hundred males. Given the strongly skewed sex ratio in these mating swarms, a
developmental delay of several hours may become very relevant to the reproductive
success of a given male %2.

It has remained a conundrum why many species with heteromorphic sex
chromosomes (e.g. birds) do not exhibit chromosome-wide DC 1723, Our data shows
that non-essentiality may permit the evolution of a DC master regulator despite being
beneficial for one sex, but reducing the fitness of the other one. In this scenario of
sexual conflict, our model predicts that a gene such as SOA can be present as a
polymorphism, where only some individuals in the population exhibit DC. This
underscores the importance of studying this mechanism with sufficient sampling rate,
as DC alleles could be rare among populations. It will be crucial to perform future
studies in natural contexts and in species with different sex determination systems,
extent of sexual dimorphism and reproductive strategies. Finally, we note that
exploiting X chromosome misregulation has been proposed to artificially generate
single-sex populations or sex ratio distortion gene drives for vector control programs
6.7, Our discovery that induction of the SOA-DC pathway - at least under the conditions
studied by us - is not strongly detrimental for females, warrants further studies to
uncover factors and mechanisms underlying sex-specific lethality to eventually
harness them in malaria vector control programs.
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Supplementary Table 4. Antibodies

Antibody target | Species Source Cat. No. Application Dilution
SOA Rabbit Custom (Eurogentec), | N.A. (Rabbit | IF 1:300

epitope-purified by the | 87),

IMB PPCF #540887-220 | Western 1:1000

Epitope: SOA amino 62021

acids 1-122 CUT&Tag 1:50

(recombinant, purified

in E. coli) IP 3-4 yL per IP
HA.11 Mouse Biolegend BLD-901502 | CUT&Tag 1:50

Western 1:2000
Histone H3 Rabbit Cell Signalling 9715S Western 1:4000
Histone H3 Mouse Active Motif 39763 IF 1:400
(mADb)
RNA pol Il Mouse Active Motif 39097 Western 1:5000
antibody (mAb)
IF 1:400
RNA pol Il CTD | Rat Active Motif 61984 IF 1:300
phospho Ser2
antibody (mAb)
phospho H3 Mouse Biolegend 650801 IF 1:400
(S10) IgG2b, k
IgG control Rabbit Abcam ab37415 CUT&Tag 1:50
aMs 1gG Rabbit Abcam ab6709 CUT&Tag 1:100
aRb I1gG Guinea Sigma-Aldrich SAB3700890 | CUT&Tag 1:100
pig
aRb I1gG Goat ThermoFisher A21430 IF 1:400
coupled to
AF555
a-Mouse Goat Jackson JIM-715-035- | Western 1:5000
IgG (H+L) (HRP ImmunoResearch 150
conjugate)

a-Rabbit Donkey Jackson JIM-711-035- | Western 1:5000
IgG (H+L) (HRP ImmunoResearch 152

conjugate)
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Supplementary Table 5. Primers

Application [Name |Sequence Target Ensembl-ID Amplicon size
gPCR g005 GCTATGATAAACTCGCTCCCAA Rp49 AGAP002122 189 bp
q006 TCATCAGCACCTCCAGCTC
q185 GGAGGCGAATTTCGAACGATG SOA AGAP005748 |74 bp
q186 GGCCGAGATGAAGTAGGACG
q412 TCTCACTATTTCCCAGAAACGA SOA AGAP005748 |121 bp
GCGAAGTACGGGC CG MRNA with
q413 AAGTA TAAACGT retained
intron 2
q417 GCATACCGATCGTTTTTGCAC SOA AGAP005748 |70 bp
TGAAGCAGAGCGCGTATCAG MRNA with
013 excised
intron 2
q447 CGCACGTGGCAAAGCATAA SOA-R AGAP005748 |[115bp
transgene
q448 ATGTTTCAGGTTCAGGGGGAG
RT-PCR rt001 GGCGATCATCATCTACGTGC S7 AGAP010592 1460 bp
rt002 GTAGCTGCTGCAAACTTCGG
rt015 ACAGGAGATGGTGGTTCCGT SOA AGAP005748 |canonical:
rt016 CATCGTCATTGCAAACCAGCA 356 bp,.
female intron
retention: 556
bp
Genotyping |[p102 GACAGAAACCTTAGCAACG SOA-KI AGAP005748 (2026 bp with
PCR a knock-in/
TCCTCGGTGCGAAAGTAGC
p103 623 bp WT
Plasmid s047 | TCAACTAATTTTAACCGCCTTTCGGAA|EF1a AGAPO007406 |975 bp
generation CATCA promoter (underlined:
s048 | ATATAGGGCCGGCCACGAACAAAAG Fsel
AAGGAAGAAAATGGCTGG restriction
site)
CUT&See |Tn5MEr |[phos]CTGTCTCTTATACACATCT - - -
ev
Tn5ME- | 5’ATTO*.-TCGTCGGCAGCGTCAGAT |- - -
A-ATTO | GTGTATAAGAGACAG
488
Tn5ME- | 5’ATTO*-GTCTCGTGGGCTCGGAGA |- - -
B-ATTO | TGTGTATAAGAGACAG

488
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Legends of Supplementary Tables 1-3

Supplementary Table 1 (Excel File).

1.

o

© 0N

Pairwise Patristic Distances Between SOA and SOA paralogue sequences

2. SOA isoform read counts in embryonic stages from mRNA seq
3.
4. Mass Spectrometry Results of SOA Immunoprecipitation at 600 mM NaCl

SOA mRNA isoform quantification by gPCR in postembryonic stages

(SOA IP vs. IgG control IP in male extracts)

Mass Spectrometry Results of SOA Immunoprecipitation at 250 mM NaCl
(SOA IP in males versus female extracts)

Fluorescence Polarization Data for recombinant SOA fragments

SOA-KI allele frequency in mixed population

Probe Sequences used in EMSA & RNA FISH

Sequence of the pDSAR-SOAKi plasmid used to generate the SOA-KI mutant
line

10.Sequence of the SOA-KI insertion in its genomic context
11.Sequence of the SOA-R locus (integration of rescue plasmid)

Supplementary Table 2 (Excel File). Lists of DESeq2 RNA-seq results and DiffBind
CUT&Tag results.

1.

List of significant peaks (FDR <0.05) of SOA in wild-type male vs wild-type
female CUT&Tag

. List of significant peaks (FDR <0.05) of SOA in SoaKl male vs wild-type male

CUT&Tag
List of significant peaks (FDR <0.05) of SOA in SOA-R female vs wild-type
female CUT&Tag

. List of significant peaks (FDR <0.05) of SOA in SoaKI female vs wild-type

female CUT&Tag

List of significant peaks (FDR <0.05) of SOA in long SOA vs empty Ag55
CUT&Tag
DESeqg2 results table for male SOA-KI pupae versus wild-type male pupae
(RNA-Seq)
DESeq2 results table for female SOA-R pupae versus wild-type female pupae
(RNA-Seq)
DESeq2 results table for long vs short isoform of SOA ectopically expressed in

Ag55 cells (RNA-Seq)
DESeq?2 results table for short isoform of SOA ectopically expressed in Ag55
cells vs cells infected with an empty baculovirus (RNA-Seq)

Supplementary Table 3 (Excel File). Details on statistics, individual data points and
median log2FC underlying figures.

1.

2.

Median log2FC values, replicate numbers, and other statistical values for
embryogenesis RNA-seq
Median values and calculated fold changes underlying all violin plots.
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