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Abstract
Insect oocytes grow in close association with the ovarian follicular epithelium (OFE), which
escorts the oocyte during oogenesis and is responsible for synthesis and secretion of the eggshell.
We describe a transcriptome of OFE of the triatomine bug Rhodnius prolixus, a vector of Chagas
disease, to increase our knowledge of the role of FE in egg development. Random clones were
sequenced from a cDNA library of different stages of follicle development. The transcriptome
showed high commitment to transcription, protein synthesis, and secretion. The most abundant
cDNA was a secreted (S) small, proline-rich protein with maximal expression in the vitellogenic
follicle, suggesting a role in oocyte maturation. We also found Rp45, a chorion protein already
described, and a putative chitin-associated cuticle protein that was an eggshell component
candidate. Six transcripts coding for proteins related to the unfolded protein response (UPR) by
were chosen and their expression analyzed. Surprisingly, transcripts related to UPR showed higher
expression during early stages of development and downregulation during late stages, when
transcripts coding for S proteins participating in chorion formation were highly expressed. Several
transcripts with potential roles in oogenesis and embryo development are also discussed. We
propose that intense protein synthesis at the FE results in reticulum stress (RS) and that lowering
expression of a set of genes related to cell survival should lead to degeneration of follicular cells at
oocyte maturation. This paradoxical suppression of UPR suggests that ovarian follicles may
represent an interesting model for studying control of RS and cell survival in professional S cell
types.
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1. Introduction
Making viable eggs that will survive in the environment independently of the maternal body
is a key step in the reproduction process of all oviparous animals, including insects. In their
way from oocyte precursor to the mature egg—a process frequently completed in just a few
hours, these cells accumulate large amounts of reserves and increase about a thousand-fold
in size, followed by isolation from the external world by formation of the egg shell. Egg
development in insect ovaries is divided into three main phases: pre-vitellogenic growth,
vitellogenic growth (also called vitellogenesis), and choriogenesis. Pre-vitellogenic growth
occurs in the anterior end of the ovariole, in the case of the hemipteran telotrophic ovary, in
a lanceolate structure called tropharium (Atella et al., 2005). Despite their astonishing
growth rates, oocytes themselves show very modest synthetic activity (Wallace et al., 1972),
and their development is supported mainly by other cells either from the ovary or from
extra-ovarian tissues (i.e., fat body).

Early growth of oocytes takes place in close association with other cell types such as the
surrounding follicular epithelium (FE) and nurse cells. These are linked to oocytes by means
of cytoplasmic projections/bridges called trophic cords that are used to provide both proteins
and RNA. Trophic cords are retained until the early phases of vitellogenic growth (Telfer et
al., 1982). During vitellogenesis, oocytes rapidly accumulate large amounts of lipids,
glycogen, RNA, and yolk proteins. Vitellin, the most common yolk protein, derives from a
hemolymphatic lipoprotein called vitellogenin (Vtg), which in most cases is synthesized in
the fat body and is taken up by oocytes by receptor-mediated endocytosis. Synthesis of Vtg
by ovarian FE (OFE) cells has been reported in cycloraphan dipteran ovaries (Postlethwait et
al., 1980) as well as in the triatomine Rhodnius prolixus (Melo et al., 2000). Also, non-
vitellin yolk proteins such as the 30-kDa protein from lepidopteran eggs are synthesized by
FE. Upon completion of vitellogenesis, fully grown eggs are separated from the external
world by the chorion, a protective proteinaceous layer synthesized and secreted by follicle
cells at the very end of oocyte development inside the ovary. After choriogenesis, FE cells
degenerate and die, exhibiting several features characteristic of programmed cell death, in a
process that is believed to be important to prevent blockage of the ovarioles and to support
proper egg development (Nezis et al., 2006; Nezis et al., 2002).

The endoplasmic reticulum (ER) is the gate to the exocytotic pathway, where newly
synthesized secretory (S) proteins must fold and acquire their correct functional tri-
dimensional structure. In recent years, it has been recognized that frequently a large portion
of nascent polypeptide chains fail to fold appropriately, eventually leading to accumulation
of misfolded proteins in the ER—what is called reticulum stress (RS) (Banhegyi et al.,
2007). Eukaryotic cells respond to ER stress by increasing transcription of genes for ER
resident chaperones and proteins that help either to accelerate flux in the secretory pathway
or to promote destruction of misfolded proteins (Kohno et al., 1993; Mori et al., 1992;
Romisch, 2005). Collectively, this process has been termed the unfolded protein response
(UPR). To eliminate organelles or unhealthy cells, autophagy or apoptotic cell death take
place whenever the UPR does not occur properly or is not sufficient to deal with the ER
stress challenge (Lai et al., 2007).

To provide insights into the molecular framework involved in development of the insect
ovary, we describe here a transcriptome of the most abundant transcripts found in the follicle
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of the triatomine Rhodnius prolixus, a vector of Trypanosoma cruzi, the causative agent of
Chagas disease. Several messages related to oocyte and embryo development were
identified, and expression of selected transcripts during follicle development was studied.
We propose that failure in triggering UPR during choriogenesis leads to death of FE cells as
part of the developmental program of the insect egg.

2. Materials and methods
2.1. Insects and tissues

R. prolixus were from a colony maintained at 28°C and 70% relative humidity. Insects used
here were adult mated females having their second blood meal after their imaginal molt.
Ovarioles were dissected free of tracheae and ovarian sheath. Ovarian follicles at
vitellogenic stages (0.5–2.0 mm) or initiating choriogenesis (about 2 mm) were opened with
tweezers and the oocyte content discarded. Due to their reduced size, pre-vitellogenic
follicles were separated from tropharium and used both for library and quantitative real-time
PCR (qPCR). Tropharium samples were used only for qPCR and were not included in the
cDNA library.

2.2. cDNA library and sequencing
mRNA was isolated from using the Micro FastTrack mRNA isolation kit (Invitrogen,
Carlsbad, CA), and the PCR-based cDNA library was made following the instructions for
the SMART cDNA library construction kit (Clontech, Palo Alto, CA) according to the
manufacturer’s instructions. cDNA from follicle cells isolated as described above were
fractionated in three size intervals using a gel filtration column, ligated separately to the λ
TriplEx 2 vector, packaged with packing extract Gigapack III Gold (Stratagene, La Jolla,
CA), and then joined in a single pool. The obtained phage library was mixed with log phase
XL-1 Blue cells (Stratagene) and plated in agar medium containing IPTG and X-gal for
blue/white screening. A sample of individual white lysis plates was chosen randomly and
the cloned insert amplified using PT2F1 (5′-AAG TAC TCT AGC AAT TGT GAG C-3′,
upstream) and PT2R1 (5′ CTC TTC GCT ATT ACG CCA GCT G-3′, downstream)
primers and sequenced in a DNA sequencing instrument ABI 377 (Applied Biosystems,
Foster City, CA) using the BigDye Terminator 3.0 kit (Applied Biosystems) and the primer
PT2F3 (5′-TCT CGG GAA GCG CGC CAT TGT-3′, downstream a PT2F1) as described
elsewhere (Valenzuela et al., 2002).

2.3. Bioinformatics
The sequences obtained were cleaned from vector and primer sequences and assembled into
contigs using CAP3 software (Huang and Madan, 1999) mastered by an in-house
bioinformatics program (Ribeiro et al., 2007). The protein coding potential of the contigs
and singletons obtained was examined using the blastx algorithm (Altschul and Gish, 1996)
to search the non-redundant protein (NR) and Gene Ontology (GO) (Ashburner et al., 2000)
databases. As the translation mRNA of proteins that are coded by mitochondrial DNA
involves the use of an alternate genetic code, we have also compared the transcripts with a
database created from mitochondrial DNA sequences. Essentially, these analyses were
performed using a program pipeline already described in the literature (Valenzuela et al.,
2003). To get hints on the possible biologic role of the proteins obtained from the translated
contigs, rpsblast was used to search for conserved protein domains in the Pfam (Bateman et
al., 2000), SMART (Schultz et al., 2000), COG (Tatusov et al., 2003), and conserved
domains (CDD) (Marchler-Bauer et al., 2002) databases. This information is particularly
important, because we kept in our analysis open-reading frames that lack the initial
methionine (5′-truncated), stop codon (3′-truncated), or both (fragment) and not only full-
length coding sequences. Although the BLAST result against GO gives insight to a putative
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function of the transcripts, in the process of manual annotation the transcripts were classified
into one of the following fifteen classes: protein synthesis, protein export machinery,
transcription machinery, transcription factor, proteasome machinery, extracellular matrix
(ECM)/S protein/ovarian function, protein modification machinery, energy metabolism,
signal transduction, nuclear regulation, transporter, cytoskeletal/cell adhesion, intermediate
metabolism, unknown (U), and unknown conserved.

To confirm that the expressed sequence tags (ESTs) derived from the Rhodnius genome,
these were also BLASTed against the R. prolixus genome. Supercontigs from the R.
prolixus assembled genome (release 1.0.1, from January 2009) were downloaded from
http://genome.wustl.edu/genomes/view/rhodnius_prolixus/. The FASTA files of these
supercontigs were broken into 50-kb fragments with 10 kb from previous sequence, and a
database was created. This procedure was taken because BLAST does not work well if
subjects in the database are very long sequences (http://blast.ncbi.nlm.nih.gov/Blast.cgi?
CMD=Web&PAGE_TYPE=BlastDocs).

This formatted database was used to blastn the ESTs to the genome of the insect. The few
ESTs not found in any genome trace file were disregarded unless they code for a sequence
very similar to a known protein.

After assembly and comparison to databases, sequences coding for proteins larger than 50
amino acids (aa) and/or that showed best matches to NR with e-values lower than 10−5 were
further analyzed. As polypeptides produced by the FE cells that are components of the
chorion must be secreted, we tried to identify translation products that were potentially
secreted. Segments of the six-frame translations of the EST having a methionine in the first
100 predicted amino acids were submitted to the SignalP server (Nielsen et al., 1997).
Multiple alignments of proteins of interest were performed using ClustalW (Thompson et
al., 2002).

2.4. qPCR
Total RNA was isolated using TRIzol reagent (Invitrogen) from isolated tropharium or
ovarian follicles that were either pre-vitellogenic, vitellogenic, or that had already entered
choriogenesis. RNA extracted from oocyte content of vitellogenic or chorionated oocytes
was also extracted and analyzed together with previous preparations. Tissues were obtained
as described above. Total RNA was quantified in a spectrophotometer, and 1 μg was treated
with 1 Unit of DNase (RNAse free; Invitrogen) for 30 min at 37°C. Reactions were stopped
by adding 1 μl of 20 mM EDTA and heating for 10 min at 65°C. cDNA synthesis was
performed from the DNase-treated RNA using the high-capacity cDNA reverse transcription
kit from Applied Biosystems.

All primers (Supplemental Table S3) were made using Primer 3 (http://frodo.wi.mit.edu/
primer3/) and Oligoanalyzer software (http://www.idtdna.com/analyzer/applications/
oligoanalyzer/).

Before qPCR reactions, all primers pairs were tested by conventional PCR using a 40 cycle
reaction (94°C, 30 s denaturation; 60°C, 30 s annealing; 72°C, 30 s – Taq extension) in an
Applied Biosystems 2400 thermocycler and analyzed in 2% agarose gel.

Real-time qPCR was performed in an AB 7500 (Applied Biosystems) using power SYBR-
green PCR master mix. The comparative Ct method (Livak and Schmittgen, 2001; Pfaffl,
2001) was used to compare changes in gene expression levels. Actin gene expression was
used as endogenous control, using primers based on an actin cDNA sequence described
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elsewhere (Ribeiro et al., 2004): RpAct F 50-AGTAGCTGCATGGGTTGTAG-3(forward)
and RpAct R 50-CAACATACATTGCTGGACTG-30 (reverse) (Alves-Bezerra et al., 2010).

2.5. Apoptosis TUNEL assay
Vitellogenic follicles never showed evidence of cell death, a feature characteristic of the end
of choriogenesis. Late follicles were first screened by Trypan blue exclusion assay to check
for the presence of dead cells. The FEs of selected oocytes were carefully dissected, fixed
for 1 h in 4% paraformaldehyde, and treated for the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay using the ApopTagPlus kit (Chemicon,
Temecula CA) following manufacturer’s instructions. Briefly, the cells were treated with
proteinase K (20 μg/ml) to pretreat the tissue, followed by incubations in 3% H2O2 to
quench endogenous peroxidase. Samples were then incubated for 2 h at 37°C in a solution of
terminal deoxynucleotidyl transferase. After washing, samples were incubated at room
temperature for 1 h with anti-digoxigenin antibody conjugated with peroxidase, washed with
PBS, and developed with diaminobenzidine. Slides were observed in an Observer.Z1
fluorescence microscope equipped with a CCD camera model AxioCAM MRM (Carl Zeiss,
Inc., Thornwood, NJ).

3. Results and Discussion
3.1. FC cDNA from R. prolixus was isolated, sequenced, and used to build a sequence
database

Clones (total of 494) were sequenced and used to assemble a database (see Supplemental
Table S1) that, after clusterization, yielded 341 unique sequences (320 singletons and 21
contigs). Approximately 71 % of all sequences showed matches with an e-value < 10−5 to
the NR protein database. All pertinent information was included in an Excel spreadsheet
(Supplemental Table S1) and used for manual annotation of sequences (included in column
O). The annotated sequences were grouped into 15 major functional classes (Fig. 1;
Supplemental Tables S1, column P and TableS2, column AM). The overall picture of the
transcriptome showed a tissue highly committed to transcription, protein synthesis, and
secretion—functions that accounted for more than two-thirds of all transcripts. Only contigs
that gave a positive match with the R. prolixus genome were included in this analysis
(Assembly 1.0, available at http://genome.wustl.edu/tools/blast/Rhodnius_prolixus-1.0.1).
The results of the BLAST of the contigs against the genome can be found in column Q of
Supplemental Table S1.

3.2. Secreted (S) proteins and genes possibly related to follicle and oocyte development
S proteins represent a contribution of follicle cells to oocyte content or to eggshell.
Searching the open reading frames for candidate S proteins showing a signal peptide—and
as a help to guide annotation—the contigs from Supplemental Table S1 were six-frame
translated and the resulting peptides submitted to http://www.cbs.dtu.dk/services/SignalP/.
The prediction results (Supplemental Table S1 column K in Spreadsheet ALL) were
manually examined, and those in which the initial methionine was present were transferred
to Supplemental Table S1, spreadsheet SignalP. We identified eight contigs coding for S
proteins (Supplemental Fig. 3) and another seven coding for membrane proteins. Three of
those contigs are composed of multiple reads but have no reliable match in any available
protein database.

The most highly expressed message (contig 1, herein named rpSPRP, for small proline-rich
protein) accounted for about 8% of all transcripts. This cDNA codes for a protein of 137 aa,
which is expected to be converted into a mature protein of 118 aa a residues and an estimate
mass of 13.2 kDa. It has a low-complexity sequence in which the most conspicuous feature
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is the high proline content (21 residues; about 18%). Although similar proteins have not
been described in insects, in mammalian tissues, SPRPs were identified as important
components of epithelial tissue (Nemes and Steinert, 1999). SPRPs have been shown to take
part in formation of the so-called cornified cell envelope, which is a hard layer made of
protein/lipid polymer that stays on the exterior of dead cornified cells of the skin. Several
proteins (including SPRPs) are covalently linked by protein crosslinking to form this layer,
which is thought to be important in conferring biomechanical properties to the cornified cell
envelope that allow it to function as a protective barrier, which is the essence of the
squamous epithelial tissue, a physiological role that is also performed by insect egg chorion.
Analysis of gene expression shows that rpSPRP expression is basically limited to the
epithelium of vitellogenic follicles (Fig. 2A). This could result from either rpSPRP
performing a role in yolk formation or being a component of follicle ECM or, alternatively,
could be explained by accumulation of rpSPRP during vitellogenic growth followed by
incorporation into eggshell only later, during choriogenesis.

Another putative S protein (contig 162) showed significant homology to chitin-binding
protein components of the insect cuticle that has a non-cysteine-based chitin-binding
domain, thereby being a typical chorion protein candidate (Supplemental Fig. 2B). It has
been shown that chitin is an important component of the insect egg shell (Moreira et al.,
2007); therefore, chitin-binding proteins made by FE may also participate in formation of
chorion. This mRNA coded for a 125- aa precursor and a small 105-residue mature protein,
which was about equally expressed by epithelia of both vitellogenic and choriogenic
follicles (Fig. 2B), reinforcing the point that some chorion proteins may be expressed before
actual formation of the egg envelope. Contigs 232 and 296 (Supplemental Tables S1 and S2)
codify for proteins with a strong candidate signal peptide (Supplemental Fig. S3) that shows
a low complexity amino acid profile with relatively high abundance of glycine (26 and 20%
of the amino acid residues of the mature protein, respectively). Glycine-rich proteins are
frequently found among components of ECM, being identified also as components of the
cornified envelope of mammalian skin such as loricrin (Nemes and Steinert, 1999). Glycine-
rich domains are also found in spider fibroin, where repeats of GA or GS resembling those
found in contigs 232 and 296 are thought to be involved in determination of mechanical
properties of silk web (Gosline et al., 2002; Gosline et al., 1999).

A partial sequence for one of the secreted proteins (Rp45, contig 97; Supplemental Table S1
and Supplemental Fig. 1) had already been reported, being described as a component of
Rhodnius eggshell (Bouts et al., 2007). As expected for a major chorion component,
evaluation of expression of this message by qPCR showed that this protein is exclusively
expressed during choriogenesis (Fig. 2C), confirming the developmental profile described
before (Bouts et al., 2007).

One mechanism that has been shown to produce hardening of the egg chorion is the
oxidative crosslinking of proteins promoted by the action of peroxidases, such as the
ovoperoxidases (Edens et al., 2001; Heinecke and Shapiro, 1990; Margaritis, 1985), which
need a source of hydrogen peroxide to catalyze the formation of dityrosine. This task could
well be fulfilled by the extracellular SOD coded by contig 417 (Supplemental Tables S1 and
S2).

Contig 531 codes for a putative S protein (Table S1, Supplemental Fig. S3) that would fit in
the class of odorant-binding proteins, a group that already has several members that do not
bind odor molecules but other types of hydrophobic ligands, such as heme as the Rhodnius
heme-binding protein (Dansa-Petretski et al., 1995; Paiva-Silva et al., 2002) or biogenic
amines such as the D7 family of proteins found in the saliva of Diptera (Calvo et al., 2006).
One interesting candidate ligand for this protein would be juvenile hormone, as the
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Drosophila take-out protein—also a member of the odorant-binding protein family—has
been shown to bind juvenile hormone and modulate development of the male reproductive
tract (Dauwalder et al., 2002; Noriega et al., 2006).

Contig 306 codes from a homolog of Jagunal (Supplemental Tables S1 and S2), an
evolutionarily conserved transmembrane ER protein that is found in both oocytes and
follicular cells of the Drosophila ovary, where it has been related to reorganization of the ER
during follicle development and ER-derived vesicle trafficking (Lee and Cooley, 2007).
Jagunal comes from a Korean word that means “small egg,” as mutations for this gene are
lethal and were shown to lead to abnormal follicle morphology.

During oogenesis, the FE is exposed to mechanical stretching due both to the large rate of
growth of the vitellogenic oocyte and to contraction of the ovarian sheath muscle. Ezrin/
radixin/moesin (ERM) proteins (Supplemental Tables S1 and S2, contig 124) are located at
the cell cortex and interact with actin filaments, bridging them with the plasma membrane,
and play a major role in this process. The dramatic changes in cell volume and shape that
occur during oocyte development and the opening of large spaces between epithelial cells
are needed to expose the oocyte surface to hemolymph, thus allowing receptor-mediated
uptake of vitellogenin, the yolk protein precursor that is 80% of the protein content of
mature Rhodnius eggs (Oliveira et al., 1986). This opening of intercellular spaces, termed
patency, is known to be under the control of juvenile hormone (Davey, 2007) and requires
extensive rearrangement of cytoskeleton and cell volume. ERM proteins (Supplemental
Tables S1 and S2, contig 124) are also involved in formation of microvilli, cell-cell
adhesion, cell shape, and membrane trafficking and seem to be part of this process. In
addition to rearrangement of the cytoskeleton, these proteins integrate diverse signaling
pathways, are phosphorylated by protein kinases, are capable of binding
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), and interact with small GTP-binding
proteins (Niggli and Rossy, 2008).

A VASA-like transcript (Supplemental Tables S1 and S2, contig 322) was found in this
transcriptome and might play a role in oocyte development. VASA proteins—DEAD-box
RNA-binding proteins with an RNA dependent helicase activity—are required for pole
determination and completion of oogenesis in Drosophila (Abdelhaleem, 2005; Styhler et
al., 1998; Tinker et al., 1998). In Drosophila, VASA expression takes place in the oocyte,
germ cells, and nurse cells (Raz, 2000); however, in the lizard Podarcis sicula, VASA
protein is localized also in a group of follicle cells of somatic origin that perform functions
that in Drosophila are characteristic of nurse cells, transferring molecules and eventually
their entire cytoplasm to the oocytes by means of intercellular bridges (Maurizii et al.,
2009). Because cytoplasmic connections between nurse cells and oocyte are broken during
mid vitellogenesis (Bjornsson and Huebner, 2004), it is interesting to speculate that VASA
may enable FE cells from the telotrophic ovary of hemipterans to perform functions that in
Drosophila are restricted to nurse cells.

3.3. Protein synthesis, secretion, and control of cell death
Global analysis of functional classification of transcripts (Fig.1, Supplemental Tables S1 and
S2) showed that close to two-thirds of all proteins expressed that had a functional category
(excluding proteins with unknown function) were somehow related to transcription,
translation, protein turnover, and vesicular traffic, reflecting the immense metabolic effort
accomplished by follicular cells in providing their contribution to egg maturation (Fig. 1).
This picture fits well with the abundant ER that occupies almost all the cytosol of
binucleated FE cells (Atella et al., 2005). In the last few years, the concept of RS has been
well established, defining a link between intense protein synthesis/secretion and control of
programmed cell death. Proteins targeted for secretion enter the ER as unfolded
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polypeptides with reduced cysteines. Maturation of these proteins in the secretory pathway
involves oxidative formation of the disulphide bond and reshuffling; hence, proper protein
folding is highly dependent on fine tuning of redox equilibrium in the ER. The so-called
unfolded-protein response (UPR) frequently observed during cellular stress conditions—
including increased protein secretion—is intrinsically related to the mechanisms that control
cell death and survival and has been the subject of an extensive literature recently reviewed
(Tabas and Ron, 2011). Several transcripts identified here are potentially involved in the
control of cell death (Supplemental Table S1, Supplemental Fig. S2) and could play an
important role in the preservation of FE cells facing a condition of RS. Initially, we
hypothesized that this would mean that control of RS would be a major priority of follicular
cells that were actively engaged in secretion of oocyte yolk and chorion proteins. This led us
to evaluate expression of a selected set of genes by qPCR. Measurement of the expression of
six transcripts probably involved in the control of UPR and prevention of programmed cell
death showed expression to be increased during early stages of oogenesis and repressed at
late stages, especially in the choriogenic follicle (Fig. 3; defender against cell death [DAD]-
like, HSP90, DNAJ/HSP40, Sec-24, Sec-61, and 14-3-3ε). The Dad gene (contig 259, Fig.
3A, Supplemental Fig. S2, panel D) (Kelleher and Gilmore, 1997) is a subunit of an
oligosaccharyltransferase, and mutants with truncated forms of DAD were shown to present
increased apoptosis (Nakashima et al., 1993), while higher expression led to survival
(Sugimoto et al., 1995), reflecting the importance of N-glycosylation for protein traffic in
the ER-Golgi pathway and the link between ER stress and cell death. In a similar way,
Sec24 (contig 73, Fig. 3F and Supplemental Fig. S2, panel B) is an essential component of
the coat protein complex (COPII) that works in secretory vesicle formation and is involved
in selection of newly synthesized proteins for export (Pagano et al., 1999; Peng et al., 2000).
Sec61 (contig 46, Fig. 3E, Supplemental Fig. S2, panel A) also participates in assembly of
the secretory highway in the Sec61 complex that constitutes a channel for signal peptide-
dependent protein import and retrograde transport of misfolded proteins out of the ER
(Robson and Collinson, 2006). Chaperones of the Hsp90 family (contig 488, Fig. 2E) and
the DNAJ/Hsp40 (a co-chaperone of HSP70) (contig 516, Supplemental Fig. S2, panel F)
are also well known for their participation in protein folding and secretion (Qiu et al., 2006).
The Hsp70/DNAJ chaperone has been shown to act in UPR, preventing apoptosis induced
by CHOP (Gotoh et al., 2004). 14-3-3ε proteins (contig 446, Supplemental Fig. S2, panel C)
homologs are downregulated at late oogenesis (Fig. 3 D). Proteins of this class have been
implicated in several signal transducing pathways (Fu et al., 2000) including cell-cycle
control in Drosophila (Su et al., 2001) and definition of oocyte and epithelial cell polarity
(Benton and St Johnston, 2003), although their precise role in cell death control and survival
is less well defined concerning molecular mechanisms. Evidence relating 14-3-3ε proteins
to apoptosis show that these proteins are capable of associating with BAD and that cleavage
by caspase 3 releases BAD, which in turn associates with Bcl-2 (Qi and Martinez, 2003).

In most eukaryotic cells, the expected response of being exposed to conditions that induce
UPR is increased expression of survival transcripts, as observed in the fungi Aspergillus
nidans (Guillemette et al., 2007). Lee et al. (2003) have described a similar set of genes, the
transcription of which is induced by XBP-1 and that are thought to be the chaperone
effectors of the UPR in the ER; however, we show here that FE at late developmental stages
not only does not increase expression of this group of genes but rather shows a pronounced
trend to lower its transcription (Fig. 3).

In contrast to the more common pattern of cellular response of triggering the UPR gene set
to preserve cell integrity, these results show downregulation of UPR-related genes when
there is intense ER traffic. After follicle cells complete chorion secretion, they degenerate
and die, forming a residual body, referred to by some authors as corpus luteum (Baum et al.,
2005; Wigglesworth, 1953). Therefore, programmed death of follicle cells should be taken
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as part of the oogenesis developmental program. In accordance with this (Nezis et al., 2006;
Nezis et al., 2002) reported the occurrence of programmed cell death in degeneration of
ovarian follicle cells of higher Diptera. Therefore, here we propose as a working hypothesis
that death of cells in the ovarian follicle is fueled by the RS owing to its effort to synthesize
chorion proteins. In line with this hypothesis, we found evidence that clusters of cells from
the FE die in the end of oogenesis, as showed by Trypan blue staining exclusion assay in
choriogenic oocytes (Fig. 4, A and B, arrows). Additionally, it was possible to detect
TUNEL-positive cells randomly dispersed in the epithelium of choriogenic oocytes (Fig. 4
E–H, arrows) (1.5 ± 0.9 TUNEL-positive cells/ 400 μm2) and not in the epithelium of
vitellogenic oocytes (Fig. 4, C and D). The process of cell death seems to be very rapid and
is apparently triggered by local interactions between cells, as Trypan blue-stained cells were
always found as clusters and TUNEL-positive cells were only found in the epithelium of
oocytes at late choriogenesis. It was described in Drosophila that follicle cells are
interconnected with intercellular bridges (gap-junction type) that are confined to arrays of no
more than eight cells, and that several of these independent clusters are found in the
epithelium (Woodruff and Tilney, 1998) (Haglund et al., 2010). The authors discuss that
cell-to-cell movement throughout the epithelium of global cytosolic regulatory molecules
cannot occur via these intercellular bridges, but weak signals affecting only one or a few
cells in each cluster would be amplified by spread through the intercellular bridges. Thus,
we cannot rule out the possibility that the signaling events that trigger cell death at late
oogenesis in R. prolixus may be associated with these types of intimate connections between
the follicle cells, resulting in the cluster patterning that we observed by Trypanblue staining.

4. Conclusions
The field of developmental biology is heavily biased toward embryogenesis. Egg
components that are synthesized and properly assembled during oogenesis constitute the
starting point for growth of a viable embryo. Here we present evidence that in R. prolixus at
late stages of egg formation, programmed death of follicle cells occurs and we propose that
this simultaneity is not merely a fortuitous coincidence. Instead, we propose that the death of
follicle cells is a crucial part of the oogenesis developmental program and occurs to help in
building of the chorion, a protective coat that will increase the biologic success of insect
progeny. Our data show that downregulation of expression of cell survival-inducing
transcripts occurs simultaneously with the increased expression of secreted proteins.
Although we do not have evidence to prove a cause-consequence relationship between these
two events, their simultaneity leads us to hypothesize that development of endoplasmic RS
is the driving force for FE cell death, which marks the termination of oogenesis. In this case,
FE cell survival would not serve to increase the biologic success of this organism. On the
other hand, death and degeneration of these cells fit the survival program of this species’
offspring. This unconventional regulation of UPR in ovarian cells is an interesting model for
research on the relation between RS and cell death control.
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Figure 1.
Functional classification of transcripts from ovary follicular epithelium library
The 252 transcripts that matched a known protein database with an evalue < 10-5 were
grouped in 13 major functional classes: Protein synthesis, Protein export machinery,
Transcription machinery, Transcription factor, Proteasome machinery, Extracellular matrix/
Secreted protein/ovarian function, Protein modification machinery, Energy Metabolism,
Signal transduction, Nuclear regulation, Transporters, Cytoskeletal/ cell adhesion,
Intermediate Metabolism.
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Figure 2.
Expression of selected secreted proteins during developmental stages of ovarian follicle
Tropharium or follicular epithelium from follicles at pre-vitellogenesis, vitellogenesis or
from follicles already engaged in chorion formation were dissected and mRNA levels of
three transcripts showing signal peptides were evaluated by Q-PCR. Data show are mean ±
SEM (n=4).
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Figure 3.
Expression of selected genes related to reticulum stress during development of ovarian
follicles
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Figure 4.
Apoptotic cell death occurs at the end of chorion formation
A, B, Trypan blue exclusion assay. Arrows indicate regions with dead cells. Tr (tropharium),
Vg (vitellogenic follicle) and ch (choriogenic oocyte). Bars: 1 mm, 2 mm, respectively. C,
D, Follicular epithelium of vitelogenic oocytes after TUNEL assay. Bar: 120 μm. E, F,
Follicular epithelium of choriogenic oocytes showing labeled nuclei (arrows) after TUNEL
assay. Bar: 120 μm. G, H, Detail of the TUNEL label in different nuclei. Bar: 50 μm. Note
that the epithelial cells are binucleated.
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