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Embryo polarity in moth flies and
mosquitoes relies on distinct old genes
with localized transcript isoforms
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Jose Ribeiro?, Urs Schmidt-Ott™*

'Department of Organismal Biology and Anatomy, University of Chicago, Chicago,
United States; *Laboratory of Malaria and Vector Research, National Institute of
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Abstract Unrelated genes establish head-to-tail polarity in embryos of different fly species,
raising the question of how they evolve this function. We show that in moth flies (Clogmia,
Lutzomyia), a maternal transcript isoform of odd-paired (Zic) is localized in the anterior egg and
adopted the role of anterior determinant without essential protein change. Additionally, Clogmia
lost maternal germ plasm, which contributes to embryo polarity in fruit flies (Drosophila). In culicine
(Culex, Aedes) and anopheline mosquitoes (Anopheles), embryo polarity rests on a previously
unnamed zinc finger gene (cucoid), or pangolin (dTcf), respectively. These genes also localize an
alternative transcript isoform at the anterior egg pole. Basal-branching crane flies (Nephrotoma)
also enrich maternal pangolin transcript at the anterior egg pole, suggesting that pangolin
functioned as ancestral axis determinant in flies. In conclusion, flies evolved an unexpected diversity
of anterior determinants, and alternative transcript isoforms with distinct expression can adopt
fundamentally distinct developmental roles.

DOI: https://doi.org/10.7554/eLife.46711.001

Introduction

The specification of the primary axis (head-to-tail) in embryos of flies (Diptera) offers important
advantages for studying how new essential gene functions evolve in early development. This process
rests on lineage-specific maternal mRNAs that are localized at the anterior egg pole (‘anterior deter-
minants’), which, surprisingly, have changed during the evolution of flies. While the anterior determi-
nants of most flies remain unknown, they can be identified by comparing the transcriptomes of
anterior and posterior egg halves (Klomp et al., 2015). Furthermore, their function can be analyzed
in the syncytial early embryos of a broad range of species via microinjection, considering timing and
subcellular localization. It is therefore possible to conduct phylogenetic comparisons at the func-
tional level. Finally, when the function of anterior determinants is suppressed, embryos develop into
an unambiguous, predictable phenotype: these embryos lack all anterior structures and develop as
two outward facing tail ends (‘"double abdomen’).

Anterior determinants can be encoded by new genes with a dedicated function in establishing
embryonic polarity. One example is bicoid in the fruit fly Drosophila melanogaster. Maternal mRNA
of bicoid is localized in the anterior pole of the egg and Bicoid protein is expressed in a gradient in
the early embryo (Berleth et al., 1988). Bicoid-deficient embryos fail to develop anterior structures
and instead form a second tail end, or a symmetrical double abdomen when the maternal activity
gradient of another gene, hunchback, is disrupted simultaneously (Driever, 1993). The bicoid gene
originated in the lineage of cyclorrhaphan flies more than 140 million years ago by duplication of zer-
kndillt (zen; aka Hox3), which, in insects, plays an important role in extraembryonic tissue
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elLife digest With very few exceptions, animals have ‘head’ and 'tail’ ends that develop when
they are an embryo. The genes involved in specifying these ends vary between species and even
closely-related animals may use different genes for the same roles. For example, the products of
two unrelated genes called bicoid in fruit flies and panish in common midges accumulate at one end
of their respective eggs to distinguish head from tail ends. It remained unclear how other fly species,
which have neither a bicoid nor a panish gene, distinguish the head from the tail end, or how genes
can evolve the specific function of bicoid and panish.

Cells express genes by producing gene templates called messenger ribonucleic acids (or mRNAs
for short). The central portions of MRNAs, known as protein-coding sequences, are then used to
produce the protein. Proteins can play several distinct roles, which they acquire through evolution.
This can happen in different ways, for example, genetic mutations in the part of a gene that codes
for protein may alter the resulting protein, giving it a new activity. Alternatively, sequences at the
beginning and the end of an mRNA molecule that do not code for protein, but regulate when and
where proteins are made, can influence a protein’s role by changing its environment. Many genes
produce mRNAs with alternative sequences at the beginning or the end, a process known as
alternative transcription.

Here, Yoon et al. identified three unrelated genes that perform similar roles to bicoid and panish
in the embryos of several different moth flies and mosquitoes. These genes appear to have acquired
their activity because one of their alternative transcripts accumulated at the future head end, rather
than through mutations in the protein-coding sequences. Studying multiple species also made it
clear that panish inherited its function from a localized alternative transcript of an old gene that
duplicated and diverged.

These findings suggest that alternative transcription may provide opportunities for genes to
evolve new roles in fundamental processes in flies. Most animal genes use alternative start and stop
sites for transcription, but the reasons for this remain largely obscure. This is especially the case in
the human brain. The findings of Yoon et al., therefore, raise the question of whether alternative
transcription has played an important role in the evolution of the human brain.

DOI: https://doi.org/10.7554/eLife.46711.002

development (Schmidt-Ott et al., 2010). The expression and function of cyclorrhaphan bicoid ortho-
logs are conserved but bicoid has not been found outside this group, and has been lost in some line-
ages within the Cyclorrhapha.

Another example is panish, which encodes the anterior determinant of a midge, Chironomus
riparius. This gene evolved by gene duplication of the Tcf homolog pangolin (pan) and capture of
the maternal promoter of a nucleoside kinase gene, and has been called panish (for pan”ish’)
(Klomp et al., 2015). Pangolin functions as the effector of B-catenin-dependent Wnt signaling path-
way (‘canonical’ Wnt signaling) but Panish lacks the B-catenin domain of Pangolin, and sequence sim-
ilarity between Pangolin and Panish is limited to the cysteine-clamp domain (30 amino acids). panish
has not been found outside the family Chironomidae, suggesting that lower dipterans use different
anterior determinants.

Here, we have used embryos of a wider range of dipteran species that lack bicoid and panish to
address the question of how anterior determinants evolve. We started our analysis with moth flies
(Psychodidae: Clogmia albipunctata, Lutzomyia longipalpis) and subsequently extended it to mos-
quitoes (Culicidae: Culex quinquefasciatus, Aedes aegypti, Anopheles gambiae, Anopheles coluzzii),
and to crane flies (Tipulidae: Nephrotoma suturalis) (Figure 1A). Our results reveal three distinct old
genes that evolved anterior determinants by localizing an alternative maternal transcript isoform at
the anterior egg pole of the respective species. Therefore, alternative transcription might have
played an important role in the evolution of this gene function and gene regulatory networks in fly
embryos.

Yoon et al. eLife 2019;8:e46711. DOI: https://doi.org/10.7554/eLife.46711 2 of 30


https://doi.org/10.7554/eLife.46711.002
https://doi.org/10.7554/eLife.46711

e LI F E Research article Developmental Biology | Evolutionary Biology

A B

pa R .
%5 @ Anterior Posterior

Tipulomorpha Nephrotoma (crane fly)

Clogmia / Lutzomyia (moth flies)

Chironomus (common midge)

Anopheles (anopheline mosquitoes) 20-
Culex / Aedes (culicine mosquitoes)

Bibionomorpha

o

[
Brachycera slp2

Significance
(~log10 P-val)

o

i
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

mira ®
FBgn0010909 evall1.71e-82
L |

Evolution of bicoid

Drosophila

logFC

Clogmia albipunctata

128
(I [T T — albas,  dbe, oo
121
Lo I ™
21
ol im I nh adllii.  7hr-old
276
(I [T —
1 1,000 2,000 3,000 4,000 24,000 25,000 26,000 27,000 28,000
. ) ) ) ) ) P ; g ¢ 5 ¢ .
L Maternal TSS L Zygotic TSS TTS ]
M// Cal-opaVat (635aa)
vt O —— Cal-opa?d (655aa)
Zyg
D preblastoderm cellular blastoderm

Figure 1. Expression of alternative Cal-opa transcripts in Clogmia embryos. (A) Phylogenetic relationship of fly species referred to in the text
(Wiegmann et al., 2011). (B) Differential expression analysis of maternal transcripts between anterior and posterior halves of 1 hr-old Clogmia embryos.
logFC: log fold-change. (C) Stage-specific RNA-seq read coverage of Cal-opa locus. Transcription start sites (TSS) and transcription termination sites
(TTS) are indicated on the genomic scaffold (solid line with 1000 bp intervals marked) and were confirmed by RACE. Exon-intron sketches of Cal-opa™
Figure 1 continued on next page
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Figure 1 continued

and Cal-opa™? transcript variants are shown with the open reading frame in black and the position of in situ hybridization probes and dsRNA
underlined in blue. (D) RNA in situ hybridization of Cal-opa™® and Cal-opa®? transcripts in 1 hr-old preblastoderm and 7 hr-old cellular blastoderm
embryos. Anterior is left and dorsal up. Scale bar: 100pum.

DOI: https://doi.org/10.7554/elife.46711.003

The following figure supplement is available for figure 1:

Figure supplement 1. Protein alignment of predicted dipteran Odd-paired orthologs.
DOI: https://doi.org/10.7554/elife.46711.004

Results

An alternative maternal transcript of the conserved segmentation gene
odd-paired functions as anterior determinant in Clogmia

We annotated 5602 transcripts from the anterior and posterior transcriptomes of 1 hr-old bisected
Clogmia embryos and ranked them according to the magnitude of their differential expression
scores and P values (Figure 1B). In the anterior embryo, the most enriched transcript was homolo-
gous to odd-paired, the Drosophila homolog of mammalian Zic (zinc finger of the cerebellum)
genes. ZIC proteins are known to function as transcription factors or co-factors (Houtmeyers et al.,
2013). odd-paired was discovered in a screen for early Drosophila segmentation genes and subse-
quently classified as a ‘pair-rule’ gene, since odd-paired mutants fail to develop alternating seg-
ments (Jiirgens et al., 1984). During the Drosophila segmentation process, odd-paired is expressed
in a single broad domain and controls the ‘frequency-doubling’ of other pair-rule genes (Clark and
Akam, 2016).

The Clogmia genome contains a single odd-paired locus (Cal-opa) (Vicoso and Bachtrog, 2015).
Using RNA-seq data from preblastoderm and blastoderm embryos and Rapid Amplication of cDNA
Ends (RACE), we identified maternal and zygotic Cal-opa transcripts with alternative first exons that
we mapped onto a 54 kb genomic scaffold (Figure 1C). The maternal transcript (Cal-opa™?) was
detected in preblastoderm embryos (0.5 hr-old) and syncytial blastoderm embryos (4 hr-old). The
zygotic transcript (Ca/—opazyg) was found in cellularized blastoderm embryos (7 hr-old) and gastrulat-
ing embryos (9 hr-old). Protein alignments with homologs from other flies suggest that Cal-opa®?
encodes the full-length Cal-Opa protein (655 amino acids), while Cal-opa™?* encodes a truncated
protein variant (635 amino acids), lacking the N-terminal 20 amino acids of CaI-OpaZyg (Figure 1—
figure supplement 1).

To confirm the alternative Cal-opa™™ and Cal-opa™? transcripts and their non-overlapping
expression patterns, we performed whole mount RNA in situ hybridization experiments with tran-
script-specific probes. The Cal-opa™?® transcript was anteriorly localized in preblastoderm embryos
but absent at the cellular blastoderm stage. Conversely, the Cal-opa®? transcript was absent in pre-
blastoderm embryos but expressed broadly in the trunk region of 7 hr-old blastoderm embryos
(Figure 1D), like odd-paired in Drosophila. These observations suggest that Cal-opa produces tran-
script isoforms with spatially and temporally distinct expression patterns.

To determine the function of Cal-opa™®' and Cal-opa®?, we established a protocol for microin-
jecting early Clogmia embryos and conducted transcript-specific RNA interference (RNAI) experi-
ments. Injection of Cal-opaMat double-stranded RNA (dsRNA) led to mirror-image duplications of
the tail end (double abdomen; Figure 2A and Figure 2—figure supplement 1). In contrast, injection
of dsRNA targeting Cal-opa®? resulted in half the number of segmental expression domains of Cal-
slp (the ortholog of pair-rule gene sloppy-paired) and caused defects in segmentation, dorsal clo-
sure, and head development but did not alter embryo polarity (Figure 2B). Finally, injection of
dsRNA targeting both Cal-opa™®* and Cal-opa®? resulted in double abdomens with missing seg-
ments (Figure 2—figure supplement 2). These observations indicate distinct roles of Cal-opa™?t
and Cal-opa®? in specifying embryo polarity and in segmentation, respectively.

We noticed that maternal transcripts of Cal-slp and Cal-mira, a homolog of miranda, which enco-
des an adaptor protein for cell fate determinants in Drosophila (lkeshima-Kataoka et al., 1997,
Adams et al., 2000), were also slightly enriched in the anterior portion of embryo (Figure 1B). This
observation was confirmed by RNA in situ hybridizations (Figure 2—figure supplement 3). Injection

t
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Figure 2. Function of alternative Cal-opa transcripts in early Clogmia embryo. (A) 1 st instar larval cuticle of wild type (top) and following Cal-opa™?t
RNAi (middle). RNA in situ hybridization of Cal-cad in a wild-type preblastoderm embryo (bottom left) and stage-matched Cal-opa™?* RNAi embryos
(bottom right). Anterior is left and dorsal up. T: thoracic segment; A: abdominal segment. Segment numbers in Cal-opa™?* RNAI larval cuticle were
assigned based on the assumption of polarity reversal. Scale bar: 100um. (B) 1 st instar larval cuticle phenotype following Cal-opa®9 RNA (top) and
Figure 2 continued on next page

Yoon et al. eLife 2019;8:e46711. DOI: https://doi.org/10.7554/eLife.46711 5 of 30


https://doi.org/10.7554/eLife.46711

e LI F E Research article

Figure 2 continued

Developmental Biology | Evolutionary Biology

RNA in situ hybridization of Cal-slp in extending wild-type germband (middle) and stage-matched Cal-opa®9 RNAi embryo (bottom). Anterior is left
and dorsal up. Md: mandibular segment; Mx: maxillary segment; Lb: labial segment; T: thoracic segment; A: abdominal segment. Scale bar: 100um. (C)

RNA in situ hybridizations of Cal-otd in wild-type gastrula (top left) and stage-matched embryo following posterior Cal-opa
right) are shown in ventral view. A live wild-type embryo (bottom left) and a stage-matched embryo following posterior Cal-opa

Mat MRNA injection (top

Mat MRNA injection

(bottom right) in lateral view. Anterior is left. Scale bar: 100um. (D) Posterior injection of Cal-opa mRNA and mutated variants. Complete, symmetrical
duplication of the bilateral Cal-otd expression domain in gastrulating embryos was counted as double head (blue, see Figure 2C). All other
phenotypes, including incomplete duplications and wild type, were conservatively counted as 'no double head’ (black). Sketches of predicted Cal-Opa
proteins are shown with ZIC/Opa conserved motif (ZOC) in yellow, the ZIC family protein N-terminal conserved domain (ZFNC) in green, and zinc finger

domains in orange. The Met21Leu mutation in Cal-Opa

Zyg-Met21Leu Mat ( Mat

is marked in red. Cal-opa late): Cal-opa™®" was injected during the syncytial

blastoderm stage (4 hr). ns: p>0.05; ***: p<0.001; ****: p<0.0001, Fisher's exact test. (E) RNA in situ hybridization of Cal-nos4 in a gastrulating embryo
(left) and stage-matched Ca/-opaMat RNAi embryos (right).

DOI: https://doi.org/10.7554/eLife.46711.005

The following figure supplements are available for figure 2:

Figure supplement 1. Frequencies of strong Cal-opa™?* and Cal-opa®? RNAi phenotypes.

DOI: https://doi.org/10.7554/eLife.46711.006

Figure supplement 2. Cuticle phenotype of a 1 st instar larva following Cal-opa™?* and Cal-opa®? double RNAI.
DOI: https://doi.org/10.7554/elLife.46711.007

Figure supplement 3. Maternal transcript localization and RNAi phenotypes of Cal-slp and Cal-mira in Clogmia.
DOI: https://doi.org/10.7554/eLife.46711.008

Figure supplement 4. Cuticle phenotype of a 1 st instar Clogmia larva following Cal-opa™* mRNA injection.
DOI: https://doi.org/10.7554/eLife.46711.009

Figure supplement 5. Clogmia homologs of nanos, vasa, tudor, and germ cell-less.

DOI: https://doi.org/10.7554/eLife.46711.010

of Cal-slp dsRNA resulted in head and dorsal closure defects while Cal-mira dsRNA caused labrum
and antennal defects, but in both cases embryo polarity was retained (Figure 2—figure supplement
3).

To test whether Cal-opa™?' can induce head development ectopically, we injected Cal-opa™*
mRNA into the posterior pole of 1 hr-old embryos. These embryos expressed a head marker, Cal-
otd (ortholog of ocelliless/orthodenticle), on both ends of the embryo and developed a symmetrical
double head, including some duplicated thoracic elements (Figure 2C and Figure 2—figure supple-
ment 4 and Video 1). These observations suggest that anterior enrichment of maternal transcripts
other than Cal-opa™? mRNA is not essential for head development, and that Cal-opa™?! localization
is sufficient for establishing embryo polarity.

The anterior determinant function of Cal-opa is sensitive to expression
timing but insensitive to 5’ truncation of the open reading frame

Next, we asked whether the early timing of odd-paired expression is critical for its function as ante-
rior determinant in moth flies. To test this
hypothesis, we conducted posterior injections of
Cal-opa™®* mRNA during the syncytial blasto-
derm stage (4 hr) and examined Cal-otd expres-
sion after gastrulation. These embryos
developed with normal head-to-tail polarity
(Figure 2D). This result places the requirement
of odd-paired for axis specification prior to the
syncytial blastoderm stage and suggests that
early timing of odd-paired activity is essential for
its function as anterior determinant.

Cal-opa™?' and Cal-opa®? mRNAs not only
Video 1. Live double head embryo in ventrolateral differ in the timing of expression, but also differ
view. The larval cuticle of this embryo is shown in in their 5'UTRs and predicted N-terminal protein
Figure 3—figure supplement 1. sequences, as mentioned above (Figure 1C and
DOI: https://doi.org/10.7554/eLife.46711.011 Figure 1—figure supplement 1). To test
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whether the open reading frame difference is required for the anterior determinant function, we
injected Cal-opa®? mRNA at the posterior pole of preblastoderm embryos. Embryos from this
experiment also developed as double heads (Figure 2D). Because the translation start site of Cal-
Opa™® is located downstream of the Cal-Opa®’? translation start site, we also tested Cal-opa®?
mRNA in which the putative start codon for Cal-Opa™®* was mutated to encode leucine (Cal-opa®?
Metzileu) ‘posterior injection of Cal-opa®9™e2'te4 mRNA also resulted in double heads (Figure 2D).
These findings indicate that the protein difference between Cal-Opa™?* and Cal-Opa®? is not essen-
tial for the anterior determinant function of odd-paired in Clogmia.

To test whether only a small portion of the Cal-opa open reading frame is required for its function
as anterior determinant, we examined the ability of various truncated variants of Cal-Opa mRNAs
(Figure 1—figure supplement 1) to induce head development at the posterior egg pole
(Figure 2D). mRNAs of protein variants with large N-terminal truncation (Cal-Opa''>**> and Cal-
Opa'®2%%%) retained the ability to induce double heads. However, mRNAs of protein variants with
C-terminal truncation (Cal-Opa'®?*** and Cal-Opa'3%"*2?2, a hypothetical splice variant) failed to
induce double heads. These results indicate that the ability of Cal-Opa to specify embryo polarity
requires the C-terminal portion of the protein but is largely insensitive to N-terminal truncation, cor-
roborating our above conclusion that N-terminal differences between Cal-Opa™® and Cal-Opa®'?
were not essential for evolving the anterior determinant function of Cal-opa.

Cal-opa™* suppresses zygotic germ cell specification at the anterior
pole and Clogmia lacks maternal germ plasm

In Drosophila and other dipterans, maternal germ plasm in the posterior embryo not only specifies
primordial germ cells but also contributes to and stabilizes embryo polarity via nanos, which sup-
presses the translation of anterior determinants in the posterior embryo (Tautz, 1988; Gavis and
Lehmann, 1992; Struhl et al., 1992, Lemke and Schmidt-Ott, 2009). The activity of nanos in the
posterior preblastoderm is dependent on oskar (Lehmann, 2016), which is conserved in many
insects (Ewen-Campen et al., 2010). However, in Clogmia, expression profiling of anterior and pos-
terior egg halves did not reveal any posteriorly localized maternal transcripts (Figure 1B,
alpha = 0.001, unadj.), and no oskar homolog was found in our Clogmia transcriptomes or the Clog-
mia genome (Vicoso and Bachtrog, 2015). To test whether Clogmia lacks maternal germ plasm, we
examined the expression of candidate germ cell markers, including Clogmia homologs of nanos
(Cal-nos1, Cal-nos2, Cal-nos3, and Cal-nos4), vasa (Cal-vas), tudor (Cal-tud), and germ cell-less (Cal-
gcl). Cal-nos1, Cal-nos3, and Cal-nos4 were not localized in the posterior of preblastoderm embryos
but were expressed in a small set of cells at the posterior pole of cellular blastoderm and gastrulat-
ing embryos along with Cal-vas, Cal-tud, and Cal-gcl that were expressed more broadly (Figure 2—
figure supplement 5). These observations suggest that Clogmia lacks maternal germ plasm and
that Clogmia may induce the germ cell fate zygotically. To test this hypothesis, we examined Cal-
nos expression in Cal-opa™?* RNAi embryos. Cal-nos positive cells were duplicated in double abdo-
mens (Figure 2E), indicating that Clogmia uses an inductive mechanism for germ cell specification,
which is repressed in the anterior embryo by Cal-opa™®'. Therefore, axis specification in the Clogmia
embryo is independent from germ cell specification. To our knowledge, Clogmia is also the first
example of inductive germ cell specification in flies.

Evolution of the anterior determinant function of moth fly odd-paired

Maternal odd-paired transcript is absent in freshly deposited eggs of chironomids (Klomp et al.,
2015) and mosquitoes (Akbari et al., 2013), both of which belong to the Culicomorpha lineage
(Figure 1A). To test whether localized maternal odd-paired transcript is broadly conserved in the
Psychodomorpha lineage, we examined maternal transcript localization in the eggs of the sand fly
Lutzomyia longipalpis, a moth fly species of public health concern due to its role in the transmission
of visceral leishmaniasis. Of 5392 annotated transcripts, the most enriched maternal transcript in the
anterior half of 1-2 hr old embryos was homologous to odd-paired and was therefore named Llo-
opa™? (Figure 3A). In the posterior Lutzomyia embryo, the most enriched transcript was homolo-
gous to oskar, indicating that Lutzomyia eggs contain maternal germ plasm at the posterior pole,
unlike the Clogmia eggs. These findings suggest that a broad range of moth flies use odd-paired
transcript as anterior determinant, and that maternal germ plasm was lost only in the Clogmia
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The following figure supplement is available for figure 3:

Figure supplement 1. Expression level of select Lutzomyia gap gene (red) and pair-rule gene (blue) homologs.
DOI: https://doi.org/10.7554/elLife.46711.013

lineage. Close examination of Lutzomyia transcriptomes from 1 hr-old and 24 hr-old embryos also
revealed zygotic odd-paired transcript (Llo-opa®9) (Figure 3B). Llo-opa™®* and Llo-opa®? share the
same open reading frame but differ at their untranslated 5’ and 3’ ends. Since the N-terminal ends
of Llo-Opa™®/Llo-Opa®? and Cal-Opa®? proteins are homologous (Figure 1—figure supplement
1), we infer that the N-terminal truncation of Cal-Opa™?* occurred after the transcript had evolved
maternal expression and anterior localization. The detection of Llo-opa®? transcript in 24 hr-old
embryos coincided with that of gap and pair-rule segmentation gene homologs (Figure 3—figure
supplement 1), indicating that Llo-opa®? functions during segmentation.

The odd-paired gene of ancestral moth flies could have evolved the ability to establish the
embryo polarity via specific amino acid substitutions. In this case, odd-paired homologs from species
with a different anterior determinant, such as Drosophila or Chironomus, should not induce ectopic
head development in Clogmia embryos. Alternatively, odd-paired could have evolved its role as axis
determinant in moth flies independent of any amino acid substitution via co-option. In this case,
odd-paired homologs from Drosophila or Chironomus could have the ability to induce head
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development in Clogmia embryos when appropriately expressed. To test this possibility, we injected
odd-paired mRNA from Lutzomyia, Chironomus, or Drosophila into the posterior pole of early Clo-
gima embryos. All of these odd-paired homologs induced double heads in Clogmia, provided that
the endogenous kozak sequence of Cal-opa™® was used for optimal translation efficiency
(Figure 3C). Since neither Drosophila nor Chironomus uses odd-paired for specifying embryo polar-
ity, these results suggest that amino acid substitutions were not essential for the evolution of the
anterior determinant function of odd-paired in moth flies. We therefore propose that this gene func-
tion evolved via co-option when alternative maternal transcript of moth fly odd-paired became
enriched at the anterior egg pole.

A previously uncharacterized C2H2 zinc finger gene, named cucoid,
functions as anterior determinant in culicine mosquitoes

Given that freshly deposited mosquito eggs lack maternal odd-paired transcript orthologs
(Akbari et al., 2013), we extended our search for anterior determinants to mosquitoes. Initially, we
focused on the Southern House Mosquito Culex quinquefasciatus, a vector of West Nile virus (the
leading cause of mosquito-borne disease in the continental United States) and of Wuchereria ban-
crofti (the major cause of lymphatic filariasis). This species was chosen because their eggs are large
and have clearly distinguishable anterior and posterior egg poles. We annotated 8239 Culex tran-
scripts from the pooled anterior and posterior transcriptomes of 1 hr-old preblastoderm embryos
and ranked them according to the magnitude of their differential expression scores and P values
(Figure 4A). In the posterior embryo, the most enriched transcript was related to nanos, consistent
with the presence of maternal germ plasm in this species (Figure 4D) (Juhn et al., 2008). The most
enriched transcript in the anterior embryo was closely related to an uncharacterized gene of Dro-
sophila (CG9215). However, reciprocal BLAST searches suggest that CG9215 belongs to a poorly
defined larger gene family in Drosophila that might be represented by a single gene in mosquitoes.
We named this gene cucoid to reflect its bicoid-like function in a culicine mosquito. cucoid encodes
a protein with five C2H2 zinc finger domains (Figure 4—figure supplement 1). RACE experiments
with cDNA from 0 to 7 hr-old embryos revealed three al