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In the endopterygote Drosophila melanogaster, Zelda is an activator of the

zygotic genome during the maternal-to-zygotic transition (MZT). Zelda

binds cis-regulatory elements (TAGteam heptamers), making chromatin

accessible for gene transcription. Zelda has been studied in other

endopterygotes: Apis mellifera and Tribolium castaneum, and the parane-

opteran Rhodnius prolixus. We studied Zelda in the cockroach Blat-

tella germanica, a hemimetabolan, short germ-band, and polyneopteran

species. B. germanica Zelda has the complete set of functional domains,

which is typical of species displaying ancestral features concerning embryo-

genesis. Interestingly, we found D. melanogaster TAGteam heptamers in

the B. germanica genome. The canonical one, CAGGTAG, is present at a

similar proportion in the genome of these two species and in the genome

of other insects, suggesting that the genome admits as many CAGGTAG

motifs as its length allows. Zelda-depleted embryos of B. germanica show

defects involving blastoderm formation and abdomen development, and

genes contributing to these processes are down-regulated. We conclude that

in B. germanica, Zelda strictly activates the zygotic genome, within the

MZT, a role conserved in more derived endopterygote insects. In B. ger-

manica, zelda is expressed during MZT, whereas in D. melanogaster and

T. castaneum it is expressed beyond this transition. In these species and

A. mellifera, Zelda has functions even in postembryonic development. The

expansion of zelda expression beyond the MZT in endopterygotes might be

related with the evolutionary innovation of holometabolan metamorphosis.

Databases

The RNA-seq datasets of B. germanica, D. melanogaster, and T. castaneum are accessible at

the GEO databases GSE99785, GSE18068, GSE63770, and GSE84253. In addition, the RNA-

seq library from T. castaneum adult females is available at SRA: SRX021963. The B. german-

ica reference genome is available as BioProject PRJNA203136.

Introduction

An important event in early embryo development in

metazoans is the maternal-to-zygotic transition

(MZT), by which maternal mRNAs are eliminated and

the zygotic genome becomes activated and governs
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further development [1]. In the MZT context, the pro-

tein Zelda was found to be a key activator of the early

zygotic genome in the fruit fly, Drosophila me-

lanogaster [2], an endopterygote species that shows a

long germ-band embryo development and an holome-

tabolan mode of metamorphosis. In vertebrates, no

clear orthologs of Zelda have been found. Neverthe-

less, studies in the zebrafish, Danio rerio, have shown

that the transcription factors Nanog, SoxB1, and

Pou5f3 (Oct4) are required to initiate approximately

75% of the first major phase of zygotic gene activation

(reviewed in Ref. [3,4]), thus they could play the role

that Zelda plays in invertebrates.

The gene zelda was discovered in D. melanogaster in

2006 [5] as a X-chromosomal gene encoding a nuclear

zinc finger protein, which was initially called vielf€altig.

Gene transcripts were maternally loaded, and loss of

gene activity resulted in mitosis problems, and elicited

asynchronous DNA replication [5]. The same year, the

heptamer CAGGTAG (a consensus sequence of a lar-

ger series of similar heptamers collectively referred to

as TAGteam) was found to be overrepresented in reg-

ulatory regions of many of the early transcribed genes

in the zygote of D. melanogaster [6]. Subsequently,

Liang et al. [2] discovered that the protein that binds

specifically to the TAGteam sites and activate tran-

scription was Vielf€altig, although the authors renamed

it as Zelda. D. melanogaster embryos lacking Zelda

showed defects in the formation of the blastoderm and

could not activate genes essential for further develop-

ment. It was concluded that Zelda plays a key role in

the activation of the early zygotic genome of D. me-

lanogaster [2]. Subsequently, it was reported that dur-

ing early embryogenesis of D. melanogaster, Zelda

marks regions that are activated during the MZT, and

promotes transcriptional activation of early-gene net-

works by binding to more than 1000 DNA regulatory

regions [7,8]. It became soon clear that the most

important role of Zelda in D. melanogaster is to

increase the accessibility of chromatin, allowing the

transcription of multiple genes [9–13]. Regarding func-

tional organization, D. melanogaster Zelda presents a

low complexity region, corresponding to the transacti-

vation domain, and four C-terminal Zinc fingers,

which are required for DNA binding and transcrip-

tional activation [14]. Zelda was found to be conserved

throughout insects and crustaceans, and examination

of a number of species revealed that the protein has

additional conserved regions, like an acidic patch

(which could be involved in the recruitment of chro-

matin remodeling proteins) and two N-terminal Zinc

fingers [15]. The functional study of Zelda domains

was approached using a Cas9 engineering system to

obtain D. melanogaster insects with point mutations in

the Zinc finger 1, in the acidic patch, or in the Zinc fin-

ger 2 (JAZ) [16]. Mutations in the Zinc finger 1 or in the

acidic patch did not affect the viability of the insects,

whereas mutations in the Zinc finger 2 (JAZ) led to a

maternal-effect lethal phenotype [16]. A transcriptomic

analysis of mutated flies showed that the Zinc finger 2

(JAZ) acts as a maternal repressive domain during

embryo development, being associated with the tran-

scriptional regulation of the zygotic Zelda targets and

with the clearance of maternal transcripts [16].

Outside D. melanogaster, expression of zelda has

been studied in the honeybee Apis mellifera, another

endopterygote, long germ-band, holometabolan spe-

cies. Expression was observed in early embryogenesis

in relation to blastoderm formation and gastrulation

[17]. These expression features and the occurrence of

TAGteam heptamers in A. mellifera, suggest that in

this species Zelda plays the same role of activator of

the early zygotic genome described in D. melanogaster.

The gene zelda is also expressed in late embryogenesis

of A. mellifera, associated with the development of

central nervous system precursor cells [17]. Also, out-

side D. melanogaster, the expression of zelda has been

studied in Nasonia vitripennis [18], which, as in all

Hymenoptera, follow haplodiploid sex determination,

thus, unfertilized eggs develop into haploid males and

fertilized eggs develop into diploid females. The study

showed that ploidy has little effect on timing early

embryonic events in this wasp. Furthermore, RNA

interference (RNAi) experiments demonstrated that

Zelda is key not only during the MZT but also in pos-

terior segmentation and patterning of imaginal disc

structures of the beetle Tribolium castaneum [15], a

holometabolan species with short germ-band embryo

development. It was also shown that Zelda is impor-

tant for posterior segmentation in the kissing bug

Rhodnius prolixus [15], a hemimetabolan and short

germ-band species.

Studying transcriptomic differences along the onto-

geny of D. melanogaster and the cockroach, Blat-

tella germanica (a short germ-band and hemimetabolan

species), we found that zelda showed a very different

expression pattern in the two species [19]. In B. german-

ica, the expression was concentrated in early embryo,

whereas in D. melanogaster zelda expression covered the

entire embryogenesis [19]. We related this difference

with the modes of metamorphosis of the studied species,

hemimetabolan in B. germanica and holometabolan in

D. melanogaster. Hemimetaboly is characterized by an

embryogenesis that produces a nymph displaying the

essential adult body structure. In holometabolan spe-

cies, embryogenesis gives rise to a larva with a body
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structure considerably divergent from that of the adult,

often more or less vermiform [20]. The present work

aims at illuminating these conjectures by examining in

B. germanica the organization of the protein, the distri-

bution of TAGteams in the genome, the expression of

zelda along the ontogeny, and, importantly, their func-

tions explained in morphological and molecular terms.

Results

Zelda organization is conserved in B. germanica

By combining BLAST (National Center for Biotechnol-

ogy Information, Bethesda, MD, USA) search in

B. germanica transcriptomes, mapping the resulting

sequences in the B. germanica genome, and PCR

strategies, we obtained a cDNA of 2754 nucleotides

comprising the complete open reading frame (Gen-

Bank accession number LT71728.1), which once trans-

lated gave a 918-amino acid sequence with high

similarity to Zelda proteins, which we called BgZelda.

In B. germanica, the gene coding for BgZelda has two

exons, one containing part of 50UTR, and the other

containing part of 50 UTR, the complete coding

region, and the 30UTR. As the coding region is con-

tained in a single exon, protein spliced isoforms cannot

be generated. In addition, RNA-seq data [19], robustly

supports that there is a single Zelda protein in B. ger-

manica. This contrasts with the different protein vari-

ants generated by the zelda gene of D. melanogaster

[14,21].

The canonical Zelda originally reported in D. me-

lanogaster, DmZelda, was described as composed by a

JAZ-C2H2 zinc finger domain and four C2H2 zinc fin-

gers in the C terminus region [2,14,21]. However, a

recent work on insect and crustacean Zelda sequences

[15] reported two additional zinc finger domains

upstream the Zinc finger 2 (JAZ), although some

insects have lost the first of them. Following the

nomenclature of Ribeiro et al. [15], BgZelda possesses

all seven C2H2 zinc fingers: two of them at the N-ter-

minal part of the protein (ZF-Novel and ZF1), then

the ZF2 (JAZ domain) follows, and at the C-terminal

region there are the other four ZFs (ZF3 to ZF6).

Between ZF-Novel and ZF1 there is the ‘patch’ region,

with the sequence TMAPADSSD, and the ‘conserved

region’ with the typical motif RYHPY. Then, between

ZF1 and ZF2 we found the ‘acidic patch’, character-

ized by the motif [DE]I[LW]DLD, which in the case of

BgZelda is EILDLD. Finally, between ZF2 and ZF3,

there is the ‘conserved region’, which in BgZelda has

the sequence PPNLMAGPPISMEAQTEGLP, and the

‘activation region’, with the motif LPSFAQ [15]

(Fig. 1A). A high conservation was found in the C-ter-

minal four zinc fingers ZF3 to ZF6 (Fig. 1B), which

are responsible for recognizing and binding to the

DNA TAGteam heptamers, as demonstrated in D. me-

lanogaster [14]. In this ZF3 to ZF6 region, the percent-

age of similarity between DmZelda and BgZelda is

76.7%.

D. melanogaster TAGteam heptamers are

present in B. germanica genome

In D. melanogaster, the C-terminal cluster of four zinc

fingers recognizes particular cis-regulatory heptamer

motifs collectively known as TAGteam, CAGGTAG

being the one to which Zelda bound with the highest

affinity [2,6,7]. Nien et al. [8] experimentally assessed

that DmZelda binds the sequence CAGGTAG and, to

a lesser extent, the seven additional TAGteam hep-

tamers: TAGGTAG, CAGGTAC, CAGGTAT,

CAGGTAA, TAGGTAA, CAGGCAG, and CAGG-

CAA. Conversely, two additional heptamers (TGAA-

TAG and TATCGAT) were not bound by DmZelda.

Using chromatin immunoprecipitation and high-

throughput sequencing to map regions bound by Zelda

around the MZT, Harrison et al. [7] found that the

CAGGTAG heptamer was highly enriched in the top

1000 regions bound in vivo. Conversely, the occurrence

of other TAGteam heptamers was not especially signif-

icant [7].

In our analyses of the D. melanogaster genome, we

found 95 495 heptamers that coincided with any of the

eight DmZelda-binding TAGteam elements previously

identified [8], whereas 1 299 345 were found in the

longer genome of B. germanica. Significantly, these

amounts are clearly lower than those expected if the

occurrence of these eight heptamers were by chance

(68% and 78% of the expected by chance, respec-

tively). The canonical heptamer CAGGTAG appears

8068 times in the D. melanogaster genome and 112 830

in that of B. germanica (Fig. 2A) (45% and 50% of

the expected by chance, respectively). Interestingly, the

number of CAGGTAG heptamers appears roughly

proportional to the length of the genome (1 per 15 160

nucleotides in B. germanica and 1 per 17 894 nucleo-

tides in D. melanogaster). Proportions are similar in

the genome of T. castaneum, where CAGGTAG

appears 6221 times, that is 1 per 24 845 nucleotides

(33% of the expected by chance) (Fig. 2A).

To ascertain whether this proportionality is more

general in insects, we searched the number of CAGG-

TAG heptamers in the genome of 13 insect species

from different orders, with genome lengths ranging

from 110 Mb (Pediculus humanus) to 5.7 Gb
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(Locusta migratoria) (Table S1). The analysis revealed

a strong and significant correlation (R2 = 0.98 and

Pearson correlation P-value < 0.05) between genome

length and the number of CAGGTAG heptamers

(Fig. 2B). Moreover, we found that the number of

CAGGTAG heptamers in each scaffold of the B. ger-

manica genome is proportional to the length of the

scaffold (Fig. 2C and Table S2), and that they are dis-

tributed more or less regularly within the scaffold

(Fig. S1). This suggests that the 112 830 CAGGTAG

motifs found in B. germanica are distributed more or

less regularly throughout the genome, without signifi-

cant concentrations in given regions.

We do not know whether BgZelda binds to the same

heptamers as in D. melanogaster. However, the four

C-terminal zinc fingers, ZF3 to ZF6, which have been

shown to be responsible for recognizing and binding

to DNA TAGteam heptamers in D. melanogaster [14],

are highly conserved in BgZelda (Fig. 1B), as in other

species [15]. This suggests the hypothesis that BgZelda

binds to the heptamers reported in D. melanogaster,

especially the canonical CAGGTAG. The fact that the

CAGGTAG heptamer occurs in a similar proportion

in the genome of D. melanogaster and B. germanica

(Fig. 2A), suggests that it is subjected to similar selec-

tive pressures and that it plays similar roles in both

species, which gives an additional support to the above

hypothesis.

Bgzelda is expressed in a narrow temporal

window around the MZT

Using real-time quantitative reverse transcription PCR

(qRT-PCR), we studied the expression of Bgzelda

along the ontogeny of B. germanica at the 11 stages

used in the RNA-seq libraries reported by Ylla et al.

[19], plus six additional embryo stages (days 4, 7, 9,

11, 14, and 16) in order to cover the embryogenesis

more thoroughly. Results show that Bgzelda is pre-

dominantly expressed in the first stages of embryogen-

esis, between day 0 and day 2 (0–12.5% of

embryogenesis), with a clear peak on day 1 (35 copies

A
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Fig. 1. Structure of Zelda in Blattella germanica. (A) Structure of the protein Zelda showing the most characteristic motifs according the

nomenclature of Ribeiro et al. [15]; the numbers indicate the initial and final starting amino acid of each motif; ZF-N: ZF-Novel. (B) Alignment

of the C-terminal four zinc fingers ZF3 to ZF6 of Zelda sequence of two species of Blattodea (B. germanica, SIW61620.1 and

Zootermopsis nevadensis, KDR19000.1), two Hymenoptera (Apis mellifera, XP_006566924.1 and Nasonia vitripennis, XP_016842278.1), two

Coleoptera (Tribolium castaneum, EFA04702.1 and Agrilus planipennis, XP_018332809.1), two Lepidoptera (Bombyx mori, XP_004933203.1

and Danaus plexippus, EHJ63786.1) and two Diptera (Aedes aegypti, XP_001659452.1 and Drosophila melanogaster, NP_001285466.1).

Alignments were carried out with MAFT – online version (https://mafft.cbrc.jp/alignment/server/).
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of Bgzelda mRNA as average per 100 copies of actin

mRNA), that is within the MZT. Beyond embryo day

4 (21% of embryogenesis) and until the adult stage,

Bgzelda is expressed at comparatively very low levels

(between 0.006 and 0.08 copies of Bgzelda as average

per 100 copies of actin) (Fig. 3A).

The pattern obtained using qRT-PCR measurements

is very similar to that obtained by computing the reads

(FPKM) from the 11 stages of the RNA-seq libraries

previously reported [19] (Fig. 3B). Indeed, a remark-

able correlation (R2 = 0.82) is obtained when using the

same 11 stage points and comparing the FPKM and

the qRT-PCR values. The expression of Bgzelda con-

centrated at the beginning of embryogenesis (Fig. 3A,

B) contrasts with the expression in D. melanogaster

obtained from transcriptomic data [19], which spans

all along embryogenesis and first larval instar and then

declines during the remaining postembryonic stages

(Fig. 3C). Northern blot analyses had shown that

Dmzelda expression appears quite high in the embryo,

the first two larval instars, then decreases in the third

larval instar and the pupa, and slightly increases in the

adult [5], which is fairly coincident with the reads per

kilobase million pattern obtained by us (Fig. 3C). The

analysis of available transcriptomic data of T. casta-

neum [22,23], shows that the expression of Tczelda pro-

gressively increases at least until 48 h after egg laying

(30% embryo development), and then decreases in late

embryo, larval, pupal and adult stages (Fig. 3C), a

pattern that is similar to that of D. melanogaster, at
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Fig. 2. The TAGteam heptamers in Blattella germanica. (A) Occurrence of the eight functional (yellow and red columns, the red column

indicates the canonical sequence CAGGTAG) and not functional (blue columns) TAGteam heptamers reported by Nien et al. [8] in

Drosophila melanogaster, Tribolium castaneum, and B. germanica genomes; the horizontal line crossing the columns indicates the expected

occurrences of a random heptamer. (B) Correlation between genome length and number of CAGGTAG motifs in insects; the genomes

included are the Archaeognatha Machilis hrabei (Mhr), the Odonata Ladona fulva (Lfu), the Ephemeroptera Ephemera danica (Eda), the

Orthoptera Locusta migratoria (Lmi), the Blattodea B. germanica (Bge) and Zootermopsis nevadensis (Znv), the Hemiptera

Halyomorpha halys (Hha), Acyrthosiphon pisum (Api) and Frankliniella occidentalis (Foc), the Phthiraptera Pediculus humanus (Phu), the

Hymenoptera Apis mellifera (Ame), the Coleoptera T. castaneum (Tca), and the Diptera D. melanogaster (Dme); the shown regression line

has a Pearson correlation coefficient of 0.98. (C) Length of the scaffolds of the B. germanica genome (masked regions excluded) and

number of CAGGTAG motifs in each scaffold; the shown regression line has a Pearson correlation coefficient of 0.93.
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least in the postembryonic period and up to 30% of

the embryogenesis.

Bgzelda is mainly expressed in the abdominal

growth zone

To study the spatial pattern of Bgzelda expression, we

used in situ hybridization. Specificity of the probe was

assessed not only with the use of a sense probe as neg-

ative control but also depleting Bgzelda mRNA by

maternal RNAi. One-day-old adult females (AdD1)

were injected with 3 lg of dsZelda (treated females),

whereas equivalent females were injected with 3 lg of

dsMock (control females), and kept with males in both

cases. A first ootheca was formed on day 8 (AdD8) in

both groups, and it was dissected 3 days later, obtain-

ing embryos early on day 3 of development. Compar-

ison of hybridizations obtained with a sense probe,

showing unspecific background labeling (Fig. 4A),

with those obtained using an antisense Bgzelda probe

(Fig. 4B), show that specific labeling appears in the

posterior cephalic region corresponding to the buccal

pieces, and especially in the distal part of the abdomi-

nal region. This labeling vanishes in the BgZelda-de-

pleted embryos (Fig. 4C), which supports their

specificity. However, specific labeling of Bgzelda

expression conspicuously concentrates in the distal

part of the abdomen, the growth zone where the last

abdominal segments should be formed. Detailed exam-

ination of this region revealed intense Bgzelda expres-

sion in controls, whereas it vanished in BgZelda-

depleted embryos (Fig. 4D,E).

Depletion of BgZelda results in embryo defects

The maternal RNAi approach used in the in situ

experiments was also used to study the function of

BgZelda. Control females (injected with 3 lg of

dsMock on AdD1) and treated females (injected with

3 lg of dsZelda on AdD1), were allowed to mate, and

formed a first ootheca on AdD8. The oothecae of con-

trol females (n = 32) gave normal embryos that

hatched 19 days later (AdD27), as 1281 first instar

nymphs (35–40 nymphs per ootheca). The dsZelda-

treated females (n = 39), also produced a first ootheca

on AdD8. Nineteen of the 39 oothecae (49%) gave

normally hatched nymphs (35–40 nymphs per ootheca)

in AdD27, whereas from the remaining 20 oothecae

(51%) no nymphs hatched, or hatched very few (a

maximum of 20 hatched nymphs per ootheca, but

often much less). In total, from the 39 oothecae

formed by dsZelda-treated females, we recorded 1234

individuals, from which 1024 (83%) were nymphs that

hatched normally, and 210 (17%) were embryos or

nymphs that did not hatch, and that were dissected

out from the totally or partially unviable oothecae on

AdD28. These 210 embryos or unhatched nymphs

showed a diversity of phenotypes that were classified

into the following seven categories in different stages

defined according to Tanaka [24]. Phenotype A

(Fig. 5A): normal embryos in stage 19, thus ready to

hatch as normal nymphs, but which did not hatch.

Phenotype B (Fig. 5B): embryos in stage 16–18, mor-

phologically similar to controls but showing a general

brown coloration. Phenotype C (Fig. 5C): embryos in

stage 17 but with the abdomen narrower and some-

what shorter than in controls. Phenotype D (Fig. 5D):

embryos in stage 16, but with the abdomen more
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Fig. 3. Expression of zelda in Blattella germanica. (A) Expression

pattern of Bgzelda along ontogeny in B. germanica obtained by

qRT-PCR; the stages examined are the same of the libraries of Ylla

et al. [19], plus a number of additional embryo stages (ED4, ED7,

ED9, ED11, ED14, ED16); each value represents three biological

replicates and it is represented as copies of Bgzelda mRNA per

100 copies of BgActin-5c mRNA (mean � SEM). (B)

Transcriptomic expression of Bgzelda in B. germanica according to

Ylla et al. [19]. (C) Transcriptomic expression of zelda in

Drosophila melanogaster and Tribolium castaneum; data of

D. melanogaster are as in Ref. [19]. In T. castaneum, the following

five stages are represented: NFE and three sequential embryo

stages: 8–16 h, 16–24 h, 24–48 h, which represent 30%

development at 25 °C [22], as well as 3-day-old embryo, late larva,

pupa, and adult (female) [43].
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elongated and smaller than in controls; this phenotype

shows the same essential defect as phenotype C, but

being in an early developmental stage. Phenotype E

(Fig. 5E): dorsal region of the embryo forming a con-

cave curve (while in controls is convex, like in

Fig. 5A); they can reach the stage 15 and even beyond.

Phenotype F (Fig. 5F): embryos with the development

interrupted between stages 9 and 11, in general almost

transparent, with the abdomen shorter than normal,

and showing a variety of defects of segmentation and

appendage formation. Phenotype G (Fig. 5G):

embryos corresponding to very early development with

no signs of segmentation. The most common (29% of

abnormal embryos) was phenotype A, followed by D

(23%), and then B, C, E, and G ca. 10% penetrance

each) and F (5%) (Fig. 5H). If we merge categories C

and D, as they show the same essential phenotype

(small abdomen), then we can conclude that ca. 33%

of the embryos from unviable oothecae show this

defect.

As the most conspicuous expression of Bgzelda

extends from ED0 to ED2, and in ED4 already falls

to very low levels (Fig. 3A), we considered that

BgZelda functions concentrate over that period.

Consequently, we decided to study the BgZelda-de-

pleted embryos just after the period of maximal

expression, following the same protocol of maternal

RNAi but dissecting the oothecae 4 days after its for-

mation (at ED4 stage). Control females (n = 7) were

treated with dsMock, and 172 ED4 embryos were

studied from their oothecae, whereas from the oothe-

cae of the dsZelda-treated females (n = 15) we exam-

ined 239 embryos. The 172 embryos (100%) from

control females showed the normal aspect of an ED4

embryo (18–20% embryo development, Tanaka stage

4–5) (Fig. 6A). From the 239 embryos examined in

oothecae from dsZelda-treated females, a total of 99

(41%) were normal ED4 embryos, identical to controls

(Fig. 6A). The remaining 140 embryos (59%) showed

a diversity of developmental delays and malforma-

tions, which were classified into five categories, as fol-

lows. Phenotype H (Fig. 6B): embryo with seriously

impaired segmentation, the cephalic segments are more

or less delimited, the three thoracic segments can be

distinguished by three undulated furrows in the thorax

region, and the abdominal region is amorphous; in

terms of general shape, it resembles the Tanaka stages

2–3 (12–15% development). Phenotype I (Fig. 6C):
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Fig. 4. Expression of Bgzelda in 3-day-old

embryos of Blattella germanica, detected by

in situ hybridization. (A–C). Entire embryo

views; the upper panels, A–A″, correspond

to negative controls, showing unspecific

background staining observed with a

Bgzelda (Zld) sense probe; the central

panels, B–B″, show Bgzelda expression in

control embryos (dsMock-treated females);

the lower panels, C–C″, show the

expression in BgZelda-depleted embryos;

scale bars: 200 lm. (D–E). Detail of the

distal part of the abdomen; the upper

panels, D–D″, show Bgzelda expression in

control embryos; the lower panels, E–E″,

show the expression in BgZelda-depleted

embryos; scale bars: 100 lm. DAPI staining

(white, A–E), Bgzelda pattern (red, A0–E0)
and DAPI + Bgzelda (pink, A″–E″), are

shown from left to right.
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embryo with seriously impaired segmentation, twisted,

shorter, and wider, and with the caudal region (which

would correspond to the growth zone) amorphous and

swollen. Phenotype J (Fig. 6D): embryo with no traces

of segmentation, only furrows and undulations are

insinuated in the cephalic and thoracic region; in terms

of general shape, it resembles the Tanaka stages 1–2
(8–12% development). Phenotype K (Fig. 6E): embryo

at the stage of germ-band anlage, resembling the

Tanaka stage 1 (4–8% development). Phenotype L

(Fig. 6F): embryos developed in dorsal side of the egg

instead of the ventral side; they show the shape of a

Tanaka stage 5 (20% development), but with only

three or four first abdominal segments recognizable,

the caudal part being amorphous. The most frequent

(41% of abnormal embryos) was phenotype H, fol-

lowed by J and K (ca. 20% each), and then I and L

(ca. between 8% and 11%) (Fig. 6G). The defect of

abdomen malformation is common to all phenotypes,

even in the less severe. Taken together, these results

suggest that BgZelda depletion affects the elongation,

segmentation, and the formation of the abdomen, and

the curvature of the body, possibly resulting from

defects in the dorso-ventral (DV) patterning.

We wondered whether the low percentage of

embryos affected by the BgZelda RNAi could be due

to the double-stranded RNA (dsRNA) used. Thus, we

prepared an alternative dsRNA, dsZelda-a, and fol-

lowed the same protocol of maternal RNAi, examining

the embryos in ED4. From 10 oothecae of control

females, we studied 240 embryos, whereas from 19

oothecae of dsZelda-a-treated females, we examined

473 embryos. The 240 embryos (100%) from controls

showed the aspect of a normal ED4 embryo (Fig. 7A,

B). From the 473 embryos from dsZelda-a-treated

females, 312 (66%) were normal ED4 embryos (like

those of Fig. 7A,B), whereas the remaining 161

embryos (34%) showed the phenotypes K, H, and L
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Fig. 5. Phenotypes observed in unhatched oothecae from BgZelda-depleted Blattella germanica. (A) Phenotype A, normal embryos in stage

19, thus ready to hatch as normal nymphs (used as control of phenotypes B to G), but which did not hatch. (B) Phenotype B, embryos in

stage 16–18, similar to controls but showing a brown coloration. (C) Phenotype C, embryos in stage 17 but with the abdomen smaller than

in controls. (D) Phenotype D, embryos in stage 16, but with the abdomen more elongated and smaller than in controls. (E) Phenotype E,

embryos with the curvature of the body inverted, with the dorsal part concave instead of convex. (F) Phenotype F, embryos in medium

stages of development, between stages 9 and 11, almost transparent and with a short abdomen. (G) Phenotype G, embryos in very early

development, with no signs of segmentation. (H) Number of individuals showing the different phenotypes, from a sample of 1234 studied;

Nn: normally hatched nymphs; (A–G) phenotypes of the unhatched individuals. In A–G, the upper part of the panel corresponds to the

cephalic part of the embryo, and ‘d’ indicates the dorsal part; the arrowheads indicate the abdomen smaller than normal; the blue line in A

and E shows the different curvature of the dorsal part of the embryo; scale bars in panels A–G: 500 lm.
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(Fig. 7C–H). Regarding phenotype L (embryos devel-

oped in dorsal side of the egg instead of the ventral

side), we find not only well-formed embryos in the

wrong side (Fig. 7F) but also embryos in the same

side, but with the development interrupted shortly

after formation of the blastoderm (phenotype L0)
(Fig. 7G). qRT-PCR measurements showed that the

treatment with dsZelda-a reduced the Bgzelda mRNA

levels by 92% on ED1 (Fig. 7I). These results indicate

that even with this efficient transcript reduction, the

penetrance was somewhat lower than that obtained

with dsZelda.

Finally, although Bgzelda expression is very low in

postembryonic stages (Fig. 3A), we aimed at assessing if

it can play some role in these stages. We focused on the

metamorphic transition between the fifth (N5) and last

(N6) nymphal instar and from N6 to adult, as the most

relevant from a developmental point of view. Thus,

freshly emerged N5 (N5D0) was injected with 3 lg of

dsZelda (treated nymphs, n = 15), whereas equivalent

nymphs were injected with 3 lg of dsMock (controls,

n = 12). All treated and control nymphs molted to mor-

phologically normal N6, and subsequently to morpho-

logically normal adults. The only difference between

treated and controls was a slightly longer duration of

the stages in the treated group. That of N5 was

6.0 � 0 days in controls and 6.13 � 0.35 days in trea-

ted, whereas that of N6 was 8.0 � 0 days in controls

and 8.20 � 0.45 days in treated.

Depletion of BgZelda impairs the expression of

genes involved in early embryo development

The window of maximal expression of Bgzelda is

between ED0 and ED4, with an acute peak on ED1

(Fig. 3A), and the most characteristic phenotypes of

BgZelda-depleted specimens were observed in early

embryogenesis (Fig. 6). Therefore, we examined the

expression of a number of genes involved in early

embryo, at the ED2 stage. We first assessed that

maternal treatment with dsZelda reduced the Bgzelda

mRNA levels by 85% on ED1 and kept even lower

levels in ED2 (Fig. 8A). Then, in relation to epigenetic

mechanisms, we measured the expression of DNA

methyltransferase-1 (Dnmt1), involved in DNA methy-

lation, and DNA methyltransferase-2 (Dnmt2), involved

in tRNA methylation [25], and results indicated that

dnmt1 was significantly down-regulated, whereas dnmt2
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was not (Fig. 8B). Regarding microRNAs (miRNAs),

it has been shown in D. melanogaster that DmZelda

activates the expression of MIR-309 miRNAs in the

MTZ context, which in turn eliminate maternal

mRNAs [2,26]. We, thus, measured the expression of

the precursors of the four variants of MIR-309

reported in B. germanica [27]. Results showed that, in

all cases, the expression decreased in the BgZelda-de-

pleted embryos at ED2 (Fig. 8C). Then, we studied a

number of genes involved in very early embryogenesis

and in the formation of the abdomen [28–31], includ-

ing two maternal genes that are also expressed at the

onset of zygotic activation: hunchback (hb) and caudal

(cad), two gap genes: Kr€uppel (Kr) and orthodenticle

(otd), two pair-rule genes: even-skipped (eve) and fushi

tarazu (ftz), and one segment polarity gene: wingless

(wg). Results indicated that the expression of cad, Kr,

otd, eve, ftz, and wg was significantly reduced in

BgZelda-depleted embryos (Fig. 8D). Moreover, previ-

ous studies have shown that maternal RNAi of Broad

Complex (BR-C or br) provoked embryo defects simi-

lar to those of BgZelda depletion, in particular defi-

ciently developed abdomens [32]. Therefore, we also

included BR-C among the genes to be studied. How-

ever, results showed that BgZelda depletion did not

affect BR-C mRNA levels (Fig. 8E). Although less fre-

quent, another defect resulting from BgZelda depletion

was the positioning of the embryo in the dorsal part

of the egg. Thus, we studied the expression of genes

involved in DV patterning, like decapentaplegic (dpp),

Toll (Tl), short-gastrulation (sog), dorsal (dl), snail

(sna), and Notch (N) [2,33]. Results showed that only

the expression of sna resulted significantly reduced in

BgZelda-depleted embryos (Fig. 8F).

Discussion

BgZelda has all the characteristic domains described

by Ribeiro et al. [15], including the ZF-Novel that was

left in doubt for B. germanica in that work (Fig. 1A).

The above authors [15] found the same complete set of

motifs in the Zelda orthologs of an archaeognathan

(Machilis hrabei), two palaeopterans, (the odonatan

Ladona fulva and the ephemeropteran Ephemera dan-

ica), and a basal neopteran (the isopteran Zootermop-

sis nevadensis). Then, one or more motifs are absent in

different species of higher clades, whereas the set is

very incomplete in the Zelda orthologs of noninsect

hexapods and in crustaceans [15]. This suggests that

the complete set of Zelda motifs is an ancestral condi-

tion in insects, which is still present in Archaeognatha,

Palaeoptera, and basal Neoptera like B. germanica,

while some of the motifs became secondarily lost in

different lineages of Paraneoptera and Endopterygota.
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females of Blattella germanica treated with

dsZelda-a. (A) Normal ED4 embryo in lateral
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studied. (I) Bgzelda transcript decrease
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dsZelda-a, as measured on ED1; each value

represents three biological replicates and is

expressed as copies of mRNA per 1000

copies of BgActin-5c mRNA (mean � SEM).
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(**P < 0.005) calculated on the basis of

Pairwise Fixed Reallocation Randomization
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cephalic part of the embryo, and “d”

indicates the dorsal part of the embryo;
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In the genome of B. germanica, we have found all

the TAGteam heptamers to which DmZelda binds in

D. melanogaster. The canonical one, CAGGTAG, is

present at a similar relative number in these two and

in other insect genomes (Fig. 2B). This suggests that,

although within certain evolutionary constraints, the

genome admits as many CAGGTAG motifs as its

length allows. Moreover, the distribution along the

genome, at least in B. germanica, is very regular, with-

out accumulations or biases in given regions, in gen-

eral (Fig. 2C; Fig. S1, Table S2). In D. melanogaster,

DmZelda has been proposed as a molecule that func-

tions as a transcription factor and as a modulator of

chromatin accessibility. The above results support a

role of Zelda during chromatin organization and

nucleosome positioning [7,12,13,34]. Our data on the

relative abundance of the CAGGTAG motif in the

genomes of B. germanica, D. melanogaster and in a

variety of other species, suggest that this role of

pioneer factor that binds DNA regions through

CAGGTAG-like motifs, making the chromatin acces-

sible for transcription, would be general in insects.

Unhatched embryos from oothecae of dsZelda-trea-

ted females showed a diversity of malformations. The

most frequent were related to abdomen development,

followed by morphologically normal first nymphal

instar but unable to hatch (Fig. 5). When BgZelda-de-

pleted embryos were studied on ED4, a significant

number of them showed the development interrupted

around blastoderm stage or around segmentation. A

few percentage of embryos was formed in the dorsal

part of the egg instead the ventral part. A defect com-

mon to all these abnormal embryos was the incom-

pletely formed abdomen (Fig. 6). This is consistent

with our observation that expression of Bgzelda mainly

localizes in the most caudal part of the embryonic

abdomen (Fig. 4). The importance of Zelda for the

development of the posterior zone and the develop-

ment of the abdomen has been described in other

short germ-band insects, like the beetle T. castaneum

and the bug R. prolixus [15].

The low percentage of malformed phenotypes in the

RNAi experiments performed with two different

dsRNAs is difficult to explain. It is possible that it is
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an intrinsic characteristic of maternal RNAi, at least

of B. germanica, since experiments with other genes,

such as the transcription factor BR-C [32] or several

genes of the synthesis or the signaling of the juvenile

hormone [35], also resulted in a low percentage of mal-

formed phenotypes. In this context, it is plausible that

the dsRNA or the siRNAs penetrate well in the

peripheral oocytes of each ovary, but not in those that

are in the inner part. It could also be that the observed

low percentage of malformed phenotypes does not

depend on the differential penetrance of the dsRNA-

siRNAs, but is due to factors related to resilience

properties of zelda gene in B. germanica. Finally, we

must also consider that the maternal zygotic transition

is not only dependent on zelda activity.

Our qRT-PCR transcript measurements in BgZelda-

depleted embryos indicate that BgZelda promotes the

expression of most of the early genes that we exam-

ined. The stimulation of Dnmt1 expression (Fig. 8B) is

interesting, as this points to a role of BgZelda in DNA

methylation in B. germanica. Dnmt1 is the only DNA

methyltransferase gene found in B. germanica, and its

expression pattern is similar to that of Bgzelda, with

maximal levels between ED0 and ED2 [19]. The

expression of MIR-309 miRNAs also depends on

BgZelda (Fig. 8C), a function that is conserved in

D. melanogaster [2,26]. In B. germanica, MIR-309

miRNAs peak on ED2 [27], that is, 1 day after the

peak of Bgzelda (Fig. 3A), and we have postulated a

role of these miRNAs in eliminating maternal mRNAs

during the MZT, as occurs in D. melanogaster [36].

Then, all early embryo genes examined (gap, pair-rule,

and segment polarity genes), were or tended to be

down-regulated in BgZelda-depleted embryos

(Fig. 8D). Previous reports had shown that the expres-

sion of most of these genes is impaired in DmZelda-

deficient D. melanogaster [2,8], which suggests that the

role of Zelda as a key activator of early zygotic genes

[2,8,14] is present in the phylogenetically more basal

B. germanica. We considered that the wrong position-

ing of the embryo in the dorsal part of the egg may

have to do with genes regulating DV patterning, but

the level of expression of the genes examined was not

affected in BgZelda-depleted embryos, except that of

sna, which was significantly down-regulated (Fig. 8F).

Nevertheless, sna is not only involved in the DV pat-

terning [2,33] but it is also required for coordinating

mesoderm invagination during gastrulation [37,38], at

least in D. melanogaster.

Bgzelda is mostly expressed in a narrow window in

early embryogenesis, with an acute expression peak on

ED1, within the MZT (Fig. 3A). This contrasts with

the pattern observed in D. melanogaster and

T. castaneum, where high expression is maintained

beyond the MZT (Fig. 3C). These two latter species are

holometabolan, but embryo develops through short

germ-band mode in T. castaneum and long germ-band

in D. melanogaster. Thus, the different pattern of

expression of Bgzelda in B. germanica with respect to

D. melanogaster and T. castaneum appear to relate with

the type of metamorphosis. Hemimetabolan species,

like B. germanica, develop the basic adult body struc-

ture during embryogenesis, whereas embryogenesis of

holometabolan species, like D. melanogaster and

T. castaneum, gives rise to a larva morphologically

divergent with respect to the adult [20,39]. Thus, the

expression of zelda beyond the MZT in D. melanogaster

and T. castaneum, might be needed to activate succes-

sive gene sets needed to build, during embryogenesis,

the derived vermiform larval morphology. Moreover,

zelda expression and functions significantly extend

beyond the embryo in holometabolan species (Fig. 3C),

as shown by its role on patterning of imaginal disc-

derived structures in T. castaneum [15], and in the gene-

sis of neuroblasts in D. melanogaster larvae [40]. The

expansion of zelda expression to mid and late embryo-

genesis that we observe in D. melanogaster and T. cas-

taneum, with respect to B. germanica, might have been

a factor contributing to the innovation of holometaboly

in Endopterygota, from hemimetabolan ancestors.

Materials and methods

Insects

Adult females of B. germanica were obtained from a colony

fed on Panlab dog chow (Panlab S.L.U, Barcelona, Spain)

and water ad libitum, and reared in the dark at 29 � 1 °C
and 60–70% relative humidity. Freshly ecdysed adult females

were selected and used at appropriate ages. Mated females

were used in all experiments, and the presence of spermato-

zoa in the spermatheca was assessed in all experiments. Prior

to injection treatments, dissections, and tissue sampling, the

insects were anesthetized with carbon dioxide.

Transcriptomic and genomic data

We obtained the transcriptome-based pattern of expression

of zelda in B. germanica, D. melanogaster, and T. casta-

neum. Those of B. germanica and D. melanogaster were

identical to those previously obtained by Ylla et al. [19],

who precisely describe the different stage-libraries used.

The RNA-seq dataset of B. germanica and D. melanogaster

are accessible at GEO: GSE99785 [19] and GEO:

GSE18068 [41,42], respectively. The RNA-seq dataset of

T. castaneum embryogenesis used (GEO: GSE63770)
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comprises eight libraries from four developmental stages

(two replicates each) covering nonfertilized eggs (NFE),

and three sequential embryo stages: 8–16 h, 16–24 h, 24–
48 h [22]. In addition, we studied a RNA-seq library from

T. castaneum adult females [43] available at SRA:

SRX021963. The TAGteam heptamers were examined

along the genome assemblies and its complementary

sequences using custom-made Python scripts. To calculate

the correlation between the genome length and the genome

size, we considered the number of heptamers found in each

genome and the genome length, excluding ambiguous bases

‘N’, and using the R ‘cor’ function. Additionally, we calcu-

lated the density as the number of canonical heptamer per

scaffold length (Table S2), and plotted setting the bin to

10 kb at Fig. S1. The complete list of genomes used and

their accession can be found in Table S1.

RNA interference

The detailed procedures for RNAi assays have been

described previously [44]. Primers used to prepare BgZelda

dsRNA are described in Table S3. The sequence was ampli-

fied by PCR and then cloned into a pST-Blue-1 vector. A

307-bp sequence from Autographa californica nucleopolyhe-

drosis virus (Accession number K01149.1) was used as con-

trol dsRNA (dsMock); primers used to synthetize dsMock

are also described in Table S3. The dsRNAs were prepared

as reported elsewhere [44]. A volume of 1 lL of the

dsRNA solution (3 lg�lL�1) was injected into the abdomen

of 1-day-old adult females, with a 5-lL Hamilton microsy-

ringe. Control specimens were treated at the same age with

the same dose and volume of dsMock.

RNA extraction and reverse transcription to

cDNA

We performed a total RNA extraction from oothecae using

the RNeasy Plant minikit (QIAGEN, Hilden, Germany) in

the case of early oothecae (since NFE until 4 days after

ootheca formation, AOF) and GenElute Mammalian Total

RNA Miniprep kit (Sigma-Aldrich, Madrid, Spain) in the

case of later oothecae (since 6 days AOF to 16 days AOF).

In both cases, all the volume extracted was lyophilized in the

freeze-dryer FISHER-ALPHA 1–2 LDplus and then resus-

pended in 8 lL of miliQ H2O. For mRNA and miRNA pre-

cursor quantification, these 8 lL were treated with DNase I

(Promega, Madison, WI, USA) and reverse transcribed with

first Strand cDNA Synthesis Kit (Roche, Barcelona, Spain)

and then random hexamer primers (Roche).

Quantification of mRNA levels by qRT-PCR

Quantitative RT-PCR was carried out in an iQ5 Real-Time

PCR Detection System (Bio-Lab Laboratories, Madrid,

Spain), using SYBR�Green (iTaq
TMUniversal SYBR� Green

Supermix; Applied Biosystems, Foster City, CA, USA).

Reactions were triplicate, and a template-free control was

included in all batches. Primers used to detect mRNA

levels studied here are detailed in Table S3. We have vali-

dated the efficiency of each set of primers by constructing a

standard curve through three serial dilutions. In all cases,

levels of mRNA were calculated relative to BgActin-5c

mRNA (accession number AJ862721). Results are given as

copies of mRNA of interest per 1000 or per 100 copies of

BgActin-5c mRNA.

Microscopy

Oothecae were detached from the female abdomen by gen-

tle pressure or obtained directly because the animal left

them. Each ootheca was opened and the embryos were

dechorionated and individualized. Then these embryos were

directly observed under the stereo microscope Carl Zeiss –
AXIO IMAGER.Z1 (Oberkochen, Germany). For 40,6-di-
amidino-2-phenylindole (DAPI) staining, after 10 min in a

water bath at 95 °C, each ootheca was opened and the

embryos dechorionated and individualized. Between 12 and

24 embryos per ootheca, chosen from the central part, were

dissected for staining. These embryos were fixed in 4%

paraformaldehyde in PBS for 1 h, then washed with PBS

0.3% Triton (PBT) and incubated for 10 min in

1 mg�mL�1 DAPI in PBT. They were mounted in Mowiol

(Calbiochem, Madison, WL, USA) and observed with the

fluorescence microscope Carl Zeiss – AXIO IMAGER.Z1.

In situ hybridization studies

Fluorescent in situ hybridization protocols were carried out

according to Shippy et al. [45] with some modifications.

Briefly, a 310-bp Bgzelda cDNA fragment (indicated in

Table S3) was used as a template for transcription. Sense

and antisense probes were labeled with DIG RNA Label-

ing Mix (Roche) and detected with Anti-Digoxigenin-AP,

Fab fragments (Roche) using SIGMAFASTTM Fast Red as

a substrate (Sigma). Before hybridization, entire embryos

were fixed with Solution A (8% Formaldehyde, 0.1% Tri-

tonX, 0.1% EGTA in PBS 0.2 M), dehydrated with metha-

nol and stored at �20 °C. Embryos were mounted in

Mowiol (Calbiochem) and observed with the fluorescence

microscope Carl Zeiss-AXIO IMAGER.Z1.

Statistical analyses of qRT-PCR

In all experiments, to test the statistical significance

between treated and control samples it has been used the

Relative Expression Software Tool (REST), which evaluates

the significance of the derived results by Pairwise Fixed

Reallocation Randomization Test [46].
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