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Abstract

Autophagy and the ubiquitin-proteasome system (UPS) are important cellular mechanisms

that coordinate protein degradation essential for proteostasis. P62/SQSTM1 is a receptor

cargo protein able to deliver ubiquitinated targets to the proteasome proteolytic complex

and/or to the autophagosome. In the insect vector of Chagas disease, Rhodnius prolixus,

previous works have shown that the knockdown of different autophagy-related genes

(ATGs) and ubiquitin-conjugating enzymes resulted in abnormal oogenesis phenotypes and

embryo lethality. Here, we investigate the role of the autophagy/UPS adaptor protein p62

during the oogenesis and reproduction of this vector. We found that R. prolixus presents

one isoform of p62 encoded by a non-annotated gene. The predicted protein presents the

domain architecture anticipated for p62: PB1 (N-term), ZZ-finger, and UBA (C-term)

domains, and phylogenetic analysis showed that this pattern is highly conserved within

insects. Using parental RNAi, we found that although p62 is expressed in the ovary, midgut,

and fat body of adult females, systemic silencing of this gene did not result in any apparent

phenotypes under in-house conditions. The insects’ overall levels of blood meal digestion,

lifespan, yolk protein production, oviposition, and embryo viability were not altered when

compared to controls. Because it is known that autophagy and UPS can undergo compen-

satory mechanisms, we asked whether the silencing of p62 was triggering adaptative

changes in the expression of genes of the autophagy, UPS, and the unfolded protein

response (UPR) and found that only ATG1 was slightly up regulated in the ovaries of

silenced females. In addition, experiments to further investigate the role of p62 in insects

previously silenced for the E1-conjugating enzyme (a condition known to trigger the upregu-

lation of p62), also did not result in any apparent phenotypes in vitellogenic females.
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Introduction

Rhodnius prolixus is a strictly hematophagous hemipteran in which a number of basics aspects

of insect physiology were discovered early in the last century as well as its health importance as

a vector of the etiological agent of Chagas Disease, a neglected tropical disease endemic in Cen-

tral and South America [1, 2]. Currently, Chagas disease affects more than 8 million people

and estimates are that climate change and globalization are likely to further expand its endemic

area [3, 4].

In eukaryotic cells, the fine-tuning of translation or degradation pathways controls proteos-

tasis, and its disturbance typically leads to cellular dysfunction and disease. Multiple studies

have shown that autophagy and the ubiquitin-proteasome system (UPS) are the most impor-

tant cellular post-transcriptional mechanisms that coordinate protein degradation, playing an

essential role in general cellular proteostasis [5]. The UPS conjugates the protein ubiquitin to

specific proteins as a signal that routes the ubiquitinated targets for degradation through the

proteasome proteolytic complex. The autophagy pathway generates double-membrane vesicles

named autophagosomes that engulf targets such as protein aggregates and whole damaged

organelles, delivering them for degradation in the lysosome [6, 7].

Due to their highly different types of machinery and degradation sites, it has been estab-

lished that, canonically, the UPS favors targeting individual proteins, mainly short-lived, mis-

folded, and damaged proteins, whereas autophagy has the capacity to degrade larger targets

such as macromolecule complexes and entire organelles [8]. However, in the past years, it has

been repeatedly observed across different models that autophagy is enhanced as a compensa-

tory mechanism for deficient UPS and vice versa, thus revealing a crosstalk between both path-

ways to ensure efficient proteostasis [9]. In addition to the compensatory mechanisms, it has

been observed that those pathways also crosstalk at the machinery level, where cargo receptors

for selective autophagy can deliver ubiquitinated targets to nucleating autophagosomes, for

eventual degradation via autophagy. Those receptor proteins usually share a conserved domain

architecture including a LIR motif, which mediates its interaction with LC3/ATG8 family pro-

teins in the autophagosomes, and a C-terminal UBA domain (ubiquitin interacting domain),

which mediates its interaction to ubiquitinated targets [10].

Sequestosome-1 (SQSTM1 or p62), hereafter referred to as p62, is one of the most studied

cargo receptors for selective autophagy of ubiquitinated targets. p62 has multiple conserved

domains that are able to interact with various proteins with diverse functions. p62 conserved

architecture includes the PB1 domain, important for oligomerization, the ZZ domain, that rec-

ognizes degrons in autophagic substrates, the LC3/ATG8- and Keap1-interacting motifs (LIR

and KIR, respectively) and the C-terminal ubiquitin-binding UBA domain [10–12]. Thus, p62

is a ubiquitous multifunctional protein, which can direct ubiquitinated proteins to the protea-

some [13, 14] or to the maturing autophagosome [15], and the regulations that manage the

delivery to each of the pathways still remain enigmatic.

In humans the gene encoding p62 is systemically expressed and its malfunction is associ-

ated with a wide range of diseases, including neurodegenerative and metabolic diseases and

multiple forms of cancer [16]. In insects, p62 sequence and function have been investigated in

Drosophila, where one single isoform of a p62 homologue was found and named Ref(2)P

(refractory to Sigma P ref(2)P/CG10360). It has 599 amino acids and contains an N-terminal

PB1 domain followed by a ZZ-type zinc finger domain and a C-terminal UBA domain, as well

as a predicted LIR motif between amino acids 451–558 (DPEWQLID) [17]. In functional anal-

yses, inhibition of Ref(2)P in Drosophila lead to increased lifespan and declined motor
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function [18], whereas up-regulation of Ref(2)P in mid-life delays the onset of pathology and

prolongs healthy lifespan [19].

In R. prolixus, the RNAi-mediated maternal silencing of several genes of the autophagy and

the UPS machineries have resulted in varied but recurring oogenesis-related phenotypes, gen-

erating drastically decreased oviposition rates and embryo lethality. Deficiencies in the autop-

hagy-related genes (ATGs) ATG1/ULK1 and ATG3 resulted in chorion (eggshell) biogenesis

abnormalities [20, 21], whereas the silencing of ATG6/Beclin1 generated impaired yolk endo-

cytosis [22, 23]. Regarding the UPS, the silencing of polyubiquitin was maternally lethal, while

the knockdown of highly abundant isoforms of the ubiquitin-conjugation enzymes E1 and E2

resulted in drastic chorion-related oogenesis abnormalities, as well as the upregulation of dif-

ferent ATGs [24]. Interestingly, it was found that the silencing of the ubiquitin activating

enzyme E1 also resulted in the upregulation of p62 expression, presumably as a compensatory

mechanism to adapt to the E1-knockdown effects [24].

Because the UPS and autophagy are essential intracellular degradation routes and p62 is a

key mediator that allows direct crosstalk between these pathways, in this work we investigate

the silencing effects of p62 in the context of R. prolixus oogenesis. Bioinformatics showed that

the genome of R. prolixus encodes one single isoform of a p62 orthologue, presenting the typi-

cal p62 conserved domains: PB1, ZZ and UBA. In addition, we found that although p62 is sys-

temically expressed in the different organs of the adult vitellogenic females, maternal RNAi

silencing of this gene resulted in no apparent phenotypes in the insect digestion, lifespan,

oocyte maturation or embryo viability. To further explore the role of p62, we tested the silenc-

ing of this gene in a condition where we know it is upregulated, in E1-silenced insects [24].

Even in the setting of E1 silenced insects, the knockdown of p62 did not result in substantial

additional phenotypes, indicating that it is not essential for the proteostasis adaptation mecha-

nisms triggered by the silencing of E1. Altogether, we found that p62 is conserved in R. pro-
lixus, but it is not essential for the adult insect general physiology under in house conditions.

Materials and methods

Insects

Insects were maintained at a 28 ± 2˚C controlled temperature and relative humidity of 70–80%.

The insects are fed for the first time as adults in live-rabbit blood 14 to 21 days after the 5th

instar nymph to adult ecdysis. After the first blood feeding, the insects (male and females) are

kept back together to mate and generate the eggs that will hatch as first instar nymphs to main-

tain the insectarium. We know that the females were mated because we do monitor their ovi-

position rates and F1 eclosion rates during this cycle (virgin females do not lay many eggs, and

they do not hatch because they are not fertilized). After this first blood feeding, all adult

females are fed every 21 days and only fully gorged insects (allowed to feed at free demand,

usually gaining 6–7 times the insect’s initial body weight in 20–30 min) are used for the experi-

ments. Thus, females of the second or third blood feeding were used, and they are mated, and

highly synchronized regarding blood feeding, digestion, and oviposition. All animal care and

experimental protocols were approved by the guidelines described in the ethics statement.

Ethics statement

All animal care and experimental protocols were approved by guidelines of the institutional

care and use committee (Committee for Evaluation of Animal Use for Research from the Fed-

eral University of Rio de Janeiro, CEUA-UFRJ #01200.001568/2013-87, order number 155/

13), under the regulation of the national council of animal experimentation control

(CONCEA).
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Gene identification

The sequence of Rhodnius prolixus p62/SQSTM1 was not annotated in the most up to date ver-

sion of the R. prolixus genome available at Vector Base (www.vectorbase.org). The gene is

hosted in the contig KQ034371 and was identified by similarity of the predicted transcript to

the Drosophila melanogaster p62 ortholog sequence (Ref(2)P/ CG10360) using tBlastn. Sche-

matic diagrams were generated using the DOG 2.0 software [25].

Phylogenetic analysis

The genomes of R. prolixus [26], D. melanogaster [27], the mosquitoes Anopheles gambiae [28]

and Aedes aegypti [29], the bee Apis mellifera [30], the postman butterfly Heliconius melpom-
ene [31], the beetle Tribolium castaneum [32], the aphid Acyrthosiphon pisum [33], the whitefly

Bemisia tabaci [34], the bed bug Cimex lectularius [35], the termite Zootermopsis nevadensis
[36], and the water flea Daphnia pulex [37] were explored. All proteins containing the Pfam

domain [38] PF00564 (PB1 domain) were obtained from the EnsemblMetazoa database [39]

using the BioMart tool [40]. R. prolixus p62/SQSTM1 gene was obtained as described above.

The primary sequences were aligned with the Clustal W algorithm [41], and the phylogenetic

analysis was performed by the maximum likelihood method [42] with 500 bootstrap repeti-

tions in the MEGA 11 software [43]. D. pulex sequences were included as external group.

R. prolixus p62 protein model

The predicted R. prolixus p62 protein 3D model was predicted using he software I-TASSER

[44–46].

Extraction of RNA and cDNA synthesis

All samples were homogenized in Trizol reagent (Invitrogen) for total RNA extraction.

Reverse transcription reaction was carried out using the High-Capacity cDNA Reverse Tran-

scription Kit (Applied Biosystems) using 1˚g of total RNA (after RNase-free DNase I (Invitro-

gen) treatment and checking RNA integrity in 2% agarose gels), Multiscribe Reverse

Transcriptase enzyme (2.5 U/˚L) and random primers for 10 min at 25˚C followed by 2 hours

of incubation at 37˚C. As a control for the DNAse treatment efficiency, we performed control

reactions without the enzyme followed by testing the capacity of amplification by PCR. All

samples were dissected 7 days after the blood meal.

PCR/RT-qPCR

Specific primers for R. prolixus p62 were designed (S1 Table) and used in a PCR with the fol-

lowing cycling parameters: 10 min at 95˚C, followed by 35 cycles of 30 s at 95˚C, 30 s at 52˚C

and 30 s at 72˚C, and a final extension of 15 min at 72˚C. Quantitative real-time PCR (RT-

qPCR) was performed in a StepOne Real-Time PCR System (Applied Biosystems) using SYBR

Green PCR Master Mix (Applied Biosystems) under the following conditions: 10 min at 95˚C,

followed by 40 cycles of 15 s at 95˚C and 45 s at 60˚C. The relative expressions were calculated

using the delta Ct (cycle threshold) obtained using the reference gene 18S (RPRC017412) [47]

and calculated 2-dCt [48]. According to the minimum information for publication of quantita-

tive RT-qPCR experiments (MIQE) Guidelines, normalization against a single reference gene

is acceptable when the investigators present clear evidence that confirms its invariant expres-

sion under the experimental conditions [49]. The invariant expression of the reference gene

18S in this model under our conditions has been previously reported in [20, 23, 24, 50]. All

other primers were validated before in the following papers [20–22, 24].
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RNAi silencing

dsRNAs were synthesized by MEGAScript RNAi Kit (Ambion Inc) using primers for p62 spe-

cific gene amplification with the T7 promoter sequence (S1 Table) targeting a fragment of 606

bp. Adult females were injected between the second and third thoracic segments using a 10˚l

Hamilton syringe with 1˚g dsRNA (diluted in 1˚l of water) 2 days before the blood feeding. All

phenotypes were observed over the following gonotrophic cycle (S1 Fig). A fragment of 808 bp

of the E. coli MalE gene (Gene ID: 948538) included in the control plasmid LITMUS 28iMal

obtained from the HiScribe RNAi Transcription kit (New England BioLabs) was amplified by

PCR using a T7 promoter-specific primer, targeting the opposing T7 promoters of the vector.

The cycling conditions were: 10 min at 95˚C, followed by 35 cycles of 30 s at 95˚C, 30 s at 52˚C

and 60 s at 72˚C and a final extension of 15 min at 72˚C. The amplified fragment was used as a

template for the synthesis of the control dsRNA (dsMal) [51]. All adult females injected with

dsRNA were fed and transferred to individual vials. The mortality rates and the number of

eggs laid by each individual were recorded daily and weekly, respectively.

Hemolymph extraction and SDS-PAGE

The hemolymph was extracted from control and silenced females, 7 days after the blood meal,

as originally described by Masuda e Oliveira, 1985 [52]. Approximately 10˚l of hemolymph

per female was obtained by cutting one of the insects’ legs and applying gentle pressure to the

abdomen. The hemolymph was collected using a 10˚l pipette plastic tip. Once collected, the

hemolymph was diluted 2x in phosphate buffered saline (PBS) 137 mM NaCl, 2.7 mM KCl, 10

mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4 and approximately 8 mg of phenylthiourea. The

equivalent of 1˚l of hemolymph was loaded in each lane of a 10% SDS-PAGE.

Determination of protein content

The total amount of protein in the midgut and hemolymph samples was measured by the

Lowry (Folin) method, using as standard control 1–5˚g of bovine serum albumin (BSA) [53]

in a E-MAX PLUS microplate reader (Molecular devices) using SoftMax Pro 7.0 as software.

Yolk organelles suspension and flow cytometry

Flow cytometry was performed as previously described by [23]. Briefly, suspensions of yolk

organelles were obtained by gently disrupting of recently dissected chorionated oocytes in PBS

(2 oocytes in 250˚l of PBS). The population profiles of the yolk organelles were acquired on a

FACS Calibur instrument (BD Bioscience, USA) powered by CellQuest Pro software v5.1 and

analyzed using Flowing Software 2.5.1.

Scanning electron microscopy

0–24 h laid eggs were carefully collected and fixed by immersion in 2.5% glutaraldehyde

(Grade I) and 4% freshly prepared formaldehyde in 0.5 M cacodylate buffer, pH 7.3. Samples

were washed in cacodylate buffer, dehydrated in an ethanol series, and coated with a thin layer

of gold as previously described [54]. Models were observed in a Zeiss EVO 10 scanning elec-

tron microscope operating at 10 kV.

Production of anti-R. prolixus p62 antibodies

Specific polyclonal antibodies for the single isoform of R. prolixus p62 were raised commer-

cially by GeneScript. Rats were immunized with a 14-amino acid peptide (NH2-WRDREGDQ
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VQIWSC-COOH) derived from the predicted p62 sequence. The anti-p62 antiserum with an

ELISA title of 1:512.000 was used for immunoblottings.

Immunoblotting

Control (dsMal), as well as insects silenced for the autophagy related gene 6 (ATG6) [22], the

autophagy related gene 8 (ATG8) [50] and p62 were obtained, and ovaries were dissected and

homogenized using a glass/Teflon potter Elvehjem homogenizer in PBS. The homogenates,

containing 60˚g of total protein, were separated by a 10% SDS-PAGE, transferred to nitrocel-

lulose membranes, and blotted using antibodies against R. prolixus p62. Membranes were

blocked in TBST (Tris 50 mM, pH 7.2, NaCl 150 mM, 0.1% Tween 20) containing 5% dry

skimmed milk for 12 h. Primary antibodies were diluted 1:2500 (Anti-p62, described above) in

the same buffer and incubated with the membranes for 2h. The membranes were washed 3x

for 5 min and then incubated with the secondary antibodies (Goat Anti-Rat IgG H&L HRP,

AbCam #ab7097) diluted 1:2000 for 2 h. After washing, the membranes were developed using

the Pierce™ ECL Western Blotting Substrate.

Results and discussion

The single isoform of R. prolixus p62 is conserved within insects and is

expressed in the ovaries, developing oocytes, midgut and fat body of adult

vitellogenic females

The nucleotide sequence of R. prolixus p62 was identified as a non-annotated gene located in

the contig KQ034371 listed in the present R. prolixus genome assembly version (RpC3.3) avail-

able at Vector Base (www.vectorbase.org). The full 14.5 kb sequence includes 8 exons and 7

introns generating a predict transcript of 1488 bp (S2 Fig). Phylogenetic analyses confirmed

the identity of the R. prolixus gene as p62 (Fig 1, asterisk, red clade), as this sequence grouped

in a clade with the D. melanogaster Ref(2)P/p62 gene (FBgn0003231) (Fig 1, red clade). Inter-

estingly, this gene is duplicated in the genomes of A. gambiae and Z. nevadensis and triplicated

in D. pulex. These duplication events are recent, considering the position and size of the genes

in the clade and the tandem arrangement in the A. gambiae genome. On the other hand, the

gene is apparently absent in A. aegypti, H. melpomene, T. castaneum, and A. pisum. Whether

the gene was lost in the evolutionary process or was just not annotated in the genomes needs

to be further investigated (Fig 1, red clade). Phylogenetic analyses also allowed the identifica-

tion of other proteins with the PB1 domain. The RPRC013230 gene is orthologous to the D.

melanogaster par-6 gene, involved in processes of cell polarization and tracheal branching [55,

56]. This gene is present in all analyzed genomes but duplicated in B. tabaci (Fig 1, blue clade).

In turn, the RPRC000881 gene is an ortholog of the D. melanogaster aPKC gene, involved in

neuronal proliferation [57]. This gene has orthologs in all analyzed genomes except A. pisum
(Fig 1, green clade). Finally, RPRC008371 also has a PB1 domain and forms a clade with genes

from D. pulex, T. castaneum, A. pisum, B. tabaci, Z. nevadensis, and C. lectularius. However, its

function is still unknown (Fig 1, black clade).

The predicted transcript encodes a 495 amino acid protein presenting the anticipated con-

served domain architecture of p62, including an N-terminal PB1 (IPR000270), a Znf_ZZ-type

(IPR000433) and a C-terminal UBA (IPR015940), all highly conserved when compared to the

D. melanogaster single isoform of p62 (Ref(2)P) (Fig 2A). The 3D model of the R. prolixus p62

protein was predicted using the fold recognition bioinformatics tool I-TASSER (Fig 2B). RT-

qPCR showed that expression levels of the R. prolixus p62 in vitellogenic females are similar in

the fat body, midgut and ovary dissected from vitellogenic females (Fig 2B). Within the
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ovaries, the levels of p62 were also similar in the tropharium (the structure where the germ cell

cluster and the nurse cells are located) and developing oocytes (pre vitellogenic, vitellogenic,

choriogenic and chorionated) (Fig 2C). This data indicates that p62 is systemically expressed

in somatic and germline tissues of this vector.

Parental RNAi silencing of p62 is efficient but leads to no apparent changes

in digestion, lifespan, oviposition and embryo viability

We synthesized a specific double stranded RNA designed to target the sequence of R. prolixus
p62. dsRNAs were directly injected into the female’s hemocoel two days before the blood meal.

RT-qPCR showed that p62 knockdown was efficient, with an average of 90% of mRNA silenc-

ing in the ovaries and midgut, and 70% in the fat body of vitellogenic females at days 7, 14 and

21 days after the blood feeding (Fig 2D). Although efficient, the silencing of p62 did not result

in major alterations in the insect’s blood meal digestion—indirectly measured by the insect’s

weight after the blood meal (Fig 3A) and protein quantifications at day 7 after the blood meal

(Fig 3B). The insects’ overall pattern and levels of yolk protein in the hemolymph were also not

affected (Figs 3C and 3D and S3), as well as oviposition (Fig 3F and 3G), embryo viability rates

(Fig 3H) and parental lifespan (Fig 3E). The eggs laid by control and silenced females were

observed under the stereoscope (Fig 4A) and no changes in their external morphology ultra-

structure were observed as seen by SEM (Fig 4C). In addition, the overall pattern of size and

complexity of the yolk organelles obtained from chorionated oocytes was observed using flow

cytometry, as previously described by [23], and no alterations were observed between control

(dsMal) and silenced samples (Fig 4B).

Altogether, the absence of apparent phenotypes points to 1) the possibility that although

systemically expressed in the adult insect, the function of p62 might be nonessential for the

general insect physiology under our in-house conditions; 2) the mRNA silencing, although

efficient, did not result in protein down regulation due to high stability and/or low turnover

Fig 1. R. prolixus p62 phylogenetic analysis. Protein sequences with Pfam domain PF00564 (PB1 domain) from

different species were aligned using ClustalW, and the dendrogram was constructed by the maximum likelihood

method. Bootstrap values are indicated in branches when greater than 50, and the bar indicates substitutions per site.

Blue clade: par-6 genes; Red clade: p62 genes (Asterisk: Rhodnius prolixus p62 gene). Black clade: unidentified PB1

domain containing protein genes; Green clade: aPKC genes.

https://doi.org/10.1371/journal.pone.0287488.g001
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rates; and 3) silencing of p62 triggered compensatory mechanisms that allowed the insect to

adapt and accomplish general physiology tasks as efficiently as control individuals.

Regarding hypothesis number one, one should consider the possibility that the function of

p62 might be necessary under conditions different from those in which we normally keep our

insects. Changes in environmental conditions (temperature, humidity, photoperiod, etc.),

nutritional status (different cycles and types of diet), immunological stress (exposure to patho-

gens, symbionts, etc.), among many other factors, can alter the general physiology of individu-

als at the molecular level, exposing the specific function of a certain gene [58–60]. In this case,

we cannot rule out the hypothesis that p62 function can emerge as required under a certain

condition that is not met under our in-house conditions.

To address the second hypothesis, accessing the p62 protein levels using reliable antibodies

would be vital for improved interpretations of our findings. Still, our experimental options are

limited to the methods available for a non-model organism such as Rhodnius prolixus, and, in

our hands, commercial cross-species antibodies usually do not generate consistent results. For

this reason, we ordered custom made antibodies against R. prolixus p62 raised against a syn-

thetic N-terminal peptide of 14 AAs of the R. prolixus p62 protein. The final bleed, with an

ELISA title of 1:512.000, was used for immunoblottings with our samples in ATG6- [22] and

ATG8-silenced [50] insects, as well as p62-silenced samples. Because p62 is typically used as

read out of autophagic flux, it is expected that the silencing of ATGs would result in an

increase in the p62 fragment (indicating decreased autophagic flux) [6]. Unfortunately, the

raised antiserum labeled two bands, and none of them matched the expected R. prolixus p62

molecular weight of approximately 55 kDa. Furthermore, none of the gene-silencings

Fig 2. R. prolixus p62 is conserved and systemically expressed in vitellogenic females. A. Schematic diagram

comparing the p62 protein from R. prolixus and D. melanogaster with their conserved domains. Graphics generated

using the DOG 2.0 software and conserved domains predicted using Pfam. PB1 (IPR000270), Znf_ZZ-type

(IPR000433) and UBA (IPR015940). B. protein three-dimensional model predicted using I-TASSER. C. RT-qPCR

showing gene expressions in different organs of vitellogenic females. One-Way ANOVA p>0.05. D. RT-qPCR

showing gene expressions in the different components of the ovary: Tropharium, previtellogenic follicles, vitellogenic

follicles, choriogenic follicles and chorionated oocytes. One-Way ANOVA p>0.05. Expression was calculated using

the delta Ct method and plotted as 2-dCT. E. The levels of p62 expression in different organs of vitellogenic females were

quantified at 7, 14 and 21 days after blood feeding. *p< 0,05, ***p< 0,0001. Student’s t-test. The control (dsMal) is

represented by the dotted lines, and each sample percentage expression is represented by the bars. All graphs show

mean ± SEM (n = 4–7).

https://doi.org/10.1371/journal.pone.0287488.g002
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described above resulted in alterations in the detected bands, pointing to unspecific labeling

(S4 Fig). Thus, unfortunately, we could not follow through with the antibodies and the direct

testing of this hypothesis. Nevertheless, even while we can’t rule out the hypothesis that the

p62 protein was not downregulated, it is crucial to note that the persistent mRNA silencing

(until 21 days after the blood feeding, 23 days after the dsRNA injection, Fig 1D) would require

high levels of protein stability to sustain function for over the 21 days of gonotrophic cycle.

Regarding the third hypothesis, of compensatory mechanisms, it is known that UPS and

autophagy crosstalk to coordinate intracellular proteostasis [61, 62]. Thus, we decided to test

the levels of members of the autophagy and UPS pathways, in the ovaries of control (dsMal)

and p62-silenced insects. Results show that the mRNAs levels of ATG1, ATG6 and polyubiqui-

tin (pUBQ) were 7 x, 3 x and 2.5 x increased in silenced ovaries when compared to their con-

trol levels (Fig 5A). On the other hand, among the different isoforms of the ovary-expressed

UPR chaperones BiPs and PDIs [20, 63], only BiP2 and BiP4 presented slight tendencies in up

regulations (Fig 5B), suggesting that some compensatory mechanism among autophagy and

UPS were triggered to allow adaptations to the p62-deficiency.

Knockdown of p62 in insects previously silenced for the E1-ubiquitin

conjugating enzyme did not result in cumulative phenotypes

Although we found no apparent phenotypes in p62-silences insects, we decided to further

investigate its potential role under an alternative condition, where the presence and/or up-reg-

ulation of p62 might play a role in adapting to changes in cellular proteostasis. In a previous

study, our team discovered that inhibiting ubiquitin enzymes, particularly the E1-conjugating

enzyme, causes the ovary to up-regulate p62, indicating a p62-dependent partnership between

Fig 3. Silencing of p62 does not affect longevity, digestion, yolk protein levels, oviposition and embryo viability.

A. Control and silenced females were weighted for different days after the blood meal (n = 30). Two-Way ANOVA,

p>0.05. B. Midgut protein quantifications at day 7 after the blood meal in control and p62 dsRNA-injected insects

(n = 3–5). Student’s t-test p>0.05. C. Hemolymph protein profiles shown in a 10% SDS-PAGE for control and silenced

females. Arrowheads point to the main yolk protein vitellogenin (Vg) (n = 4). Representative image. D. Hemolymph

protein quantifications at day 7 after the blood meal (n = 5). Student’s t-test p>0.05. E. Survival rates of control and

p62 dsRNA-injected insects (n = 30). p>0.05, Log-rank (Mantel-Cox) test. F. Oviposition rates of control and silenced

females over the gonotrophic cycle (n = 30). Two-Way ANOVA, p>0.05. G. Total oviposition of control and silenced

females (n = 30). Student’s t-test, p>0.05. H. Hatching rates of the F1 embryos from control and silenced females

(n = 30). Chi-squared test, p>0.05. All graphs show mean ± SEM.

https://doi.org/10.1371/journal.pone.0287488.g003
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UPS and autophagy in maintaining protein homeostasis under those circumstances [24]. Fur-

thermore, in mammalian cells, it has been previously observed that proteasome inhibition

caused the induction of p62 and ATG8/GABARAP [64]. Thus, we hypothesized that in

E1-silenced insects, where the levels of p62 are endogenously inducted, the effects of silencing

p62 would be more prominently observed. To test this, we performed double silencing of the

E1-conjugating enzyme and p62 and observed the generated phenotypes. We found that, in

the ovary, silencing of p62 did not alter the levels of E1 mRNA transcripts (Fig 6A), whereas

the levels of p62 are highly upregulated when the insect is silenced for E1, as previously

observed [24] (Fig 6B). The silencing efficiencies in the ovaries of insects injected with both

dsRNAs (dsE1 + dsp62) were of approximately 95% for E1 and 50% for p62 (Fig 6C).

Despite the silencing efficiencies, E1- and p62-double silenced insects presented no changes

in digestion and yolk proteins in the hemolymph (Fig 7A–7D). As previously observed,

E1-silenced females presented lower lifespan, a 90% decrease in oviposition and embryo viabil-

ity rates [24] (Fig 7F–7H). Interestingly, double-silenced insects presented slightly higher levels

of oviposition and embryo lethality when compared to E1-silenced samples (Fig 7F–7H). The

morphology of the eggs laid by double-silenced females were observed and only the pheno-

types previously observed for E1 were detected (Fig 8A–8F).

In addition, double silenced samples presented induction of ATG1, ATG6 and pUbq in the

ovary at similar levels to the ones observed for p62-silenced females (Fig 9A), as well as tenden-

cies of up regulations of the UPR chaperones BiP1, BiP2 and BiP4 (Fig 9B). Altogether, the

absence of cumulative phenotypes in double-silenced insects, when compared to the ones

observed for E1-silenced individuals, suggests that the upregulation of p62 in E1-silenced sam-

ples is also not necessary to allow adaptations to the E1-caused deficiencies. Experiments

designed to identify other selective autophagy proteins, such as NBR1, are currently being per-

formed in our laboratory and further studies focusing on the possibility that p62 function is

Fig 4. Eggs generated by p62 silenced females do not present changes in morphology and yolk organelles

biogenesis. A. Representative images of freshly laid (0-96h) control and silenced eggs observed under the stereoscope.

B. Flow cytometry profiles of the yolk organelles extracted from choriogenic oocytes of control and silenced females.

Representative plots of 5 oocytes dissected from different insects (n = 5). C. Freshly laid eggs were processed for

scanning electron microscopy to access the ultrastructure of their chorion outer surface. Left panel: Detail of the

anterior pole of control and silenced eggs showing the structure of the operculum. Right panel: Higher magnification

images of the exochorion outer surface of the control and silenced eggs. Images are representative of at least 5 eggs laid

by different insects.

https://doi.org/10.1371/journal.pone.0287488.g004
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Fig 5. Silencing of p62 triggers the modulation of autophagy-related genes, genes of the UPS machinery and ER

chaperones. Ovaries dissected from silenced females were tested for the expression levels ATGs, UPS genes, and

different isoforms of the UPR chaperones BiPs and PDIs. A. Expression levels of different ATGs and UPS genes in the

ovaries of females silenced for p62. B. Expression levels of different UPR chaperones genes in the ovaries of females

silenced for p62. The control (dsMal) is represented by the dotted lines, and each sample percentage expression is

represented by the bars. Graphs show mean ± SEM. (n = 4–6) *p< 0.01, **p< 0.005, ***p< 0.001. Student’s t-test.

https://doi.org/10.1371/journal.pone.0287488.g005

Fig 6. Silencing efficiencies of individuals injected with dsRNAs targeting p62 and E1. A. Relative levels of p62 and E1 in the ovaries of females

silenced only for p62. B. Relative levels of p62 and E1 in the ovaries of females silenced only for E1. C. Relative levels of p62 and E1 in the ovaries of

females silenced for E1 and p62. The control (dsMal) is represented by the dotted lines, and each sample percentage expression is represented by the bars.

Graphs shows mean ± SEM (n = 7). *p< 0.05, ***p< 0.001, ****p< 0.0001, Student’s t-test. The results derived from E1-silencing were previously

published [65] and the experiments were reproduced in this work.

https://doi.org/10.1371/journal.pone.0287488.g006
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Fig 7. Double silencing of E1 and p62 does change the physiology phenotypes observed for insects single silenced

for E1. A. Control and silenced females were weighted for different days after the blood meal (n = 30). Two Way

ANOVA, p>0.05. B. Midgut protein quantifications at day 7 after the blood meal in control and p62 dsRNA-injected

insects (n = 3–5). One Way ANOVA, p>0.05. C. Hemolymph protein profiles shown in a 10% SDS-PAGE for control

and silenced females. Arrowheads point to the main yolk protein vitellogenin (Vg) (n = 4). Representative image. D.

Hemolymph protein quantifications at day 7 after the blood meal (n = 5). One Way ANOVA, p>0.05. E. Survival rates

of control and p62 dsRNA-injected insects (n = 30). Log-rank (Mantel-Cox) test), p>0.05. F. Oviposition rates of

control and silenced females over the gonotrophic cycle (n = 30). Two Way ANOVA, *p< 0.05, **p< 0.01. G. Total

oviposition of control and silenced females (n = 30). One Way ANOVA, ***p< 0.001. H. Hatching rates of the F1

embryos from control and silenced females (n = 30). Chi-squared test, ****p< 0.0001. All graphs show mean ± SEM.

The results derived from E1-silencing were previously published [65] and the experiments were reproduced in this

work.

https://doi.org/10.1371/journal.pone.0287488.g007

Fig 8. Eggs generated by E1 and p62 double silenced females do not present changes in chorion ultrastructural

morphology and yolk organelles biogenesis. A-D. Freshly laid eggs were processed for scanning electron microscopy

to access the ultrastructure of their chorion outer surface. Right panels: Detail of the anterior pole of control and

silenced eggs showing the structure of the operculum. Left panels: Higher magnification images of the exochorion

outer surface of the control and silenced eggs. Images are representative of at least 5 eggs laid by different insects

(n = 5). E. Representative images of freshly laid (0-24h) control and silenced eggs observed under the stereoscope. F.

Upper panel: Flow cytometry FSC x SSC dot-plots of the yolk organelles extracted from chorionated oocytes obtained

from control and silenced females. The plots are representative of five experiments (n = 5). Lower panel:

Quantification of the organelles (events) frequency in each quadrant of the plots shown in F (RT, Right top; LT, left

top; RB, right bottom; LB, left bottom). *p< 0.05,**p< 0.01, One Way ANOVA. The results derived from E1-silencing

were previously published [65] and the experiments were reproduced in this work.

https://doi.org/10.1371/journal.pone.0287488.g008
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compensated by a different protein accomplishing a similar function will likely help to unravel

the role of the selective autophagy adaptor protein p62 in this model.

Supporting information

S1 Table. Genes and primers list. All sequences were obtained from Vector Base (https://

www.vectorbase.org/) and primers were synthesized by Macrogen or IDT technologies.

(DOCX)

S1 Fig. Schematic diagram displaying the timeline of dsRNA injections and phenotype

observations of our experimental design. Mated females of the second or third blood feeding

after emerging as adults were injected with dsRNAs 2 days before their blood feeding and the

generated phenotypes were observed over the following gonotrophic cycle.

(TIF)

S2 Fig. The gene encoding p62 in R. prolixus. A. Schematic diagram showing exons and

introns were generated using the exon-intron graphic maker available at wormweb.org/exo-

nintron. Sequence information was obtained from the raw genome data at Vector Base

(https://www.vectorbase.org/). B. Schematic diagram showing conserved domains and prim-

ers targeting regions. The graphic was generated using the DOG 2.0 software (https://dog.

biocuckoo.org). Conserved domains were identified using Pfam 35.0 (https://pfam.xfam.org/).

Fig 9. Double silencing of E1 and p62 triggers the modulation of autophagy-related genes, genes of the UPS

machinery and ER chaperones. Ovaries dissected from silenced females were tested for the expression levels ATGs,

UPS genes, and different isoforms of the UPR chaperones BiPs and PDIs. A. Expression levels of different ATGs and

UPS genes in the ovaries of females silenced for p62. B. Expression levels of different UPR chaperones genes in the

ovaries of females silenced for p62. The control (dsMal) is represented by the dotted lines, and each sample percentage

expression is represented by the bars. Graphs show mean ± SEM. (n = 4–7) *p< 0.01, ****p< 0.0001, Student’s t-test.

https://doi.org/10.1371/journal.pone.0287488.g009
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C. Predicted model of R. prolixus p62 protein using the software ITASSER.

(TIF)

S3 Fig. Original images of the hemolymph SDS-PAGEs. Hemolymph protein profiles shown

in a 10% SDS-PAGE for control and silenced females. Arrowheads point to the main yolk pro-

tein vitellogenin (Vg) (n = 4). MWM, molecular weight markers in kDa. Egg, 30˚g of protein

extracted from eggs laid 24h after oviposition. Arrowheads point to the vitellogenin subunits.

(TIF)

S4 Fig. Original images of the immunoblottings against R. prolixus p62. A 14-amino acid

peptide of R. prolixus p62 was synthesized and injected in rats. The final bleed was used for

immunoblottings against ATG6- and ATG8-silenced samples, as well as p62-silenced samples.

Each panel represents a different experiment (N = 4). The numbers on the left indicate the

molecular weight marker indications in kDa.

(TIF)
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vectors on a global scale. Akhmanova A, Cucunubá Z, editors. Elife. 2020; 9: e52072. https://doi.org/

10.7554/eLife.52072 PMID: 32374263

5. Wertz IE, Wang X. From Discovery to Bedside: Targeting the Ubiquitin System. Cell Chem Biol. 2019;

26: 156–177. https://doi.org/10.1016/j.chembiol.2018.10.022 PMID: 30554913

6. Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, Abdellatif M, Abdoli A, Abel S, et al. Guidelines for the use

and interpretation of assays for monitoring autophagy. Autophagy. 2021; 17: 1–382.

7. Yu L. A special review collection on autophagy. Cell Res. 2020; 30: 553. https://doi.org/10.1038/

s41422-020-0361-2 PMID: 32572279

PLOS ONE p62 in the insect vector R. prolixus

PLOS ONE | https://doi.org/10.1371/journal.pone.0287488 July 24, 2023 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287488.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287488.s005
https://doi.org/10.1016/j.ygcen.2022.114030
http://www.ncbi.nlm.nih.gov/pubmed/35317995
https://doi.org/10.1002/dvg.22995
http://www.ncbi.nlm.nih.gov/pubmed/28432816
https://www.who.int/en/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://www.who.int/en/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://doi.org/10.7554/eLife.52072
https://doi.org/10.7554/eLife.52072
http://www.ncbi.nlm.nih.gov/pubmed/32374263
https://doi.org/10.1016/j.chembiol.2018.10.022
http://www.ncbi.nlm.nih.gov/pubmed/30554913
https://doi.org/10.1038/s41422-020-0361-2
https://doi.org/10.1038/s41422-020-0361-2
http://www.ncbi.nlm.nih.gov/pubmed/32572279
https://doi.org/10.1371/journal.pone.0287488


8. Lamb CA, Yoshimori T, Tooze SA. The autophagosome: origins unknown, biogenesis complex. 2013.

https://doi.org/10.1038/nrm3696 PMID: 24201109

9. Dikic I. Proteasomal and autophagic degradation systems. Annu Rev Biochem. 2017; 86: 193–224.

https://doi.org/10.1146/annurev-biochem-061516-044908 PMID: 28460188

10. Kumar A V, Mills J, Lapierre LR. Selective Autophagy Receptor p62/SQSTM1, a Pivotal Player in Stress

and Aging. Front Cell Dev Biol. 2022; 10: 1–11. https://doi.org/10.3389/fcell.2022.793328 PMID:

35237597

11. Berkamp S, Mostafavi S, Sachse C. Structure and function of p62/SQSTM1 in the emerging framework

of phase separation. FEBS J. 2021; 288: 6927–6941. https://doi.org/10.1111/febs.15672 PMID:

33332721

12. Emanuele S, Lauricella M, D’Anneo A, Carlisi D, De Blasio A, Di Liberto D, et al. p62: Friend or Foe?

Evidences for OncoJanus and NeuroJanus Roles. International Journal of Molecular Sciences. 2020.

https://doi.org/10.3390/ijms21145029 PMID: 32708719

13. Myeku N, Figueiredo-Pereira ME. Dynamics of the Degradation of Ubiquitinated Proteins by Protea-

somes and Autophagy: ASSOCIATION WITH SEQUESTOSOME 1/p62*. J Biol Chem. 2011; 286:

22426–22440. https://doi.org/10.1074/jbc.M110.149252 PMID: 21536669

14. Babu JR, Geetha T, Wooten MW. Sequestosome 1/p62 shuttles polyubiquitinated tau for proteaso-

mal degradation. J Neurochem. 2005; 94: 192–203. https://doi.org/10.1111/j.1471-4159.2005.03181.x

PMID: 15953362

15. Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, Outzen H, et al. p62/SQSTM1 binds directly to

Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy*[S]. J Biol Chem.

2007; 282: 24131–24145. https://doi.org/10.1074/jbc.M702824200 PMID: 17580304

16. Sánchez-Martı́n P, Komatsu M. p62/SQSTM1–steering the cell through health and disease. J Cell Sci.

2018; 131: jcs222836. https://doi.org/10.1242/jcs.222836 PMID: 30397181

17. Nezis IP. Selective autophagy in drosophila. Int J Cell Biol. 2012; 2012. https://doi.org/10.1155/2012/

146767 PMID: 22567011

18. Hurley EP, Staveley BE. Inhibition of Ref(2)P, the Drosophila homologue of the p62/SQSTM1 gene,

increases lifespan and leads to a decline in motor function. BMC Res Notes. 2021; 14: 4–9. https://doi.

org/10.1186/s13104-021-05462-6 PMID: 33557921

19. Aparicio R, Rana A, Walker DW. Upregulation of the Autophagy Adaptor p62/SQSTM1 Prolongs Health

and Lifespan in Middle-Aged Drosophila. Cell Rep. 2019; 28: 1029–1040.e5. https://doi.org/10.1016/j.

celrep.2019.06.070 PMID: 31340141

20. Bomfim L, Ramos I. Deficiency of ULK1/ATG1 in the follicle cells disturbs ER homeostasis and causes

defective chorion deposition in the vector Rhodnius prolixus. FASEB J Off Publ Fed Am Soc Exp Biol.

2020; 34: 13561–13572. https://doi.org/10.1096/fj.202001396R PMID: 32844451

21. Santos A, Ramos I. ATG3 Is Important for the Chorion Ultrastructure During Oogenesis in the Insect

Vector Rhodnius prolixus. Front Physiol. 2021; 12: 1–11. https://doi.org/10.3389/fphys.2021.638026

PMID: 33613326

22. Vieira PH, Bomfim L, Atella GC, Masuda H, Ramos I. Silencing of RpATG6 impaired the yolk accumula-

tion and the biogenesis of the yolk organelles in the insect vector R. prolixus. PLoS Negl Trop Dis. 2018;

12: e0006507. https://doi.org/10.1371/journal.pntd.0006507 PMID: 29768406

23. Vieira PH, Benjamim CF, Atella GC, Ramos I. VPS38/UVRAG and ATG14, the variant regulatory sub-

units of the ATG6/Beclin1-PI3K complexes, are crucial for the biogenesis of the yolk organelles and are

transcriptionally regulated in the oocytes of the vector Rhodnius prolixus. PLoS Negl Trop Dis. 2021; 1:

1. https://doi.org/10.1371/journal.pntd.0009760 PMID: 34492013

24. Pereira J, Dias R, Ramos I. Knockdown of E1- and E2-ubiquitin enzymes triggers defective chorion bio-

genesis and modulation of autophagy-related genes in the follicle cells of the vector Rhodnius prolixus.

J Cell Physiol. 2022; 1: 12. https://doi.org/10.1002/jcp.30806 PMID: 35670557

25. Ren J, Wen L, Gao X, Jin C, Xue Y, Yao X. DOG 1.0: illustrator of protein domain structures. Cell Res.

2009; 19: 271–273. https://doi.org/10.1038/cr.2009.6 PMID: 19153597

26. Mesquita RD, Vionette-Amaral RJ, Lowenberger C, Rivera-Pomar R, Monteiro FA, Minx P, et al.

Genome of Rhodnius prolixus, an insect vector of Chagas disease, reveals unique adaptations to

hematophagy and parasite infection. Proc Natl Acad Sci. 2015; 112: 14936–14941. https://doi.org/10.

1073/pnas.1506226112 PMID: 26627243

27. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG, et al. The genome

sequence of Drosophila melanogaster. Science (80-). 2000; 287: 2185–2195. https://doi.org/10.1126/

science.287.5461.2185 PMID: 10731132

PLOS ONE p62 in the insect vector R. prolixus

PLOS ONE | https://doi.org/10.1371/journal.pone.0287488 July 24, 2023 15 / 17

https://doi.org/10.1038/nrm3696
http://www.ncbi.nlm.nih.gov/pubmed/24201109
https://doi.org/10.1146/annurev-biochem-061516-044908
http://www.ncbi.nlm.nih.gov/pubmed/28460188
https://doi.org/10.3389/fcell.2022.793328
http://www.ncbi.nlm.nih.gov/pubmed/35237597
https://doi.org/10.1111/febs.15672
http://www.ncbi.nlm.nih.gov/pubmed/33332721
https://doi.org/10.3390/ijms21145029
http://www.ncbi.nlm.nih.gov/pubmed/32708719
https://doi.org/10.1074/jbc.M110.149252
http://www.ncbi.nlm.nih.gov/pubmed/21536669
https://doi.org/10.1111/j.1471-4159.2005.03181.x
http://www.ncbi.nlm.nih.gov/pubmed/15953362
https://doi.org/10.1074/jbc.M702824200
http://www.ncbi.nlm.nih.gov/pubmed/17580304
https://doi.org/10.1242/jcs.222836
http://www.ncbi.nlm.nih.gov/pubmed/30397181
https://doi.org/10.1155/2012/146767
https://doi.org/10.1155/2012/146767
http://www.ncbi.nlm.nih.gov/pubmed/22567011
https://doi.org/10.1186/s13104-021-05462-6
https://doi.org/10.1186/s13104-021-05462-6
http://www.ncbi.nlm.nih.gov/pubmed/33557921
https://doi.org/10.1016/j.celrep.2019.06.070
https://doi.org/10.1016/j.celrep.2019.06.070
http://www.ncbi.nlm.nih.gov/pubmed/31340141
https://doi.org/10.1096/fj.202001396R
http://www.ncbi.nlm.nih.gov/pubmed/32844451
https://doi.org/10.3389/fphys.2021.638026
http://www.ncbi.nlm.nih.gov/pubmed/33613326
https://doi.org/10.1371/journal.pntd.0006507
http://www.ncbi.nlm.nih.gov/pubmed/29768406
https://doi.org/10.1371/journal.pntd.0009760
http://www.ncbi.nlm.nih.gov/pubmed/34492013
https://doi.org/10.1002/jcp.30806
http://www.ncbi.nlm.nih.gov/pubmed/35670557
https://doi.org/10.1038/cr.2009.6
http://www.ncbi.nlm.nih.gov/pubmed/19153597
https://doi.org/10.1073/pnas.1506226112
https://doi.org/10.1073/pnas.1506226112
http://www.ncbi.nlm.nih.gov/pubmed/26627243
https://doi.org/10.1126/science.287.5461.2185
https://doi.org/10.1126/science.287.5461.2185
http://www.ncbi.nlm.nih.gov/pubmed/10731132
https://doi.org/10.1371/journal.pone.0287488


28. Holt RA, Subramanian GM, Halpern A, Sutton GG, Charlab R, Nusskern DR, et al. The genome

sequence of the malaria mosquito Anopheles gambiae. Science (80-). 2002; 298: 129–149. https://doi.

org/10.1126/science.1076181 PMID: 12364791

29. Nene V, Wortman JR, Lawson D, Haas B, Kodira C, Tu ZJ, et al. Genome sequence of Aedes aegypti,

a major arbovirus vector. Science. 2007; 316: 1718–1723. https://doi.org/10.1126/science.1138878

PMID: 17510324

30. Consortium HGS. Insights into social insects from the genome of the honeybee Apis mellifera. Nature.

2006; 443: 931. https://doi.org/10.1038/nature05260 PMID: 17073008

31. Butterfly genome reveals promiscuous exchange of mimicry adaptations among species. Nature. 2012;

487: 94–98. https://doi.org/10.1038/nature11041 PMID: 22722851

32. Richards S, Gibbs RA, Weinstock GM, Brown SJ, Denell R, Beeman RW, et al. The genome of the

model beetle and pest Tribolium castaneum. Nature. 2008; 452: 949–955. https://doi.org/10.1038/

nature06784 PMID: 18362917

33. Consortium IAG. Genome sequence of the pea aphid Acyrthosiphon pisum. PLoS Biol. 2010; 8:

e1000313. https://doi.org/10.1371/journal.pbio.1000313 PMID: 20186266

34. Chen W, Wosula EN, Hasegawa DK, Casinga C, Shirima RR, Fiaboe KKM, et al. Genome of the African

cassava whitefly Bemisia tabaci and distribution and genetic diversity of cassava-colonizing whiteflies

in Africa. Insect Biochem Mol Biol. 2019; 110: 112–120. https://doi.org/10.1016/j.ibmb.2019.05.003

PMID: 31102651

35. Rosenfeld JA, Reeves D, Brugler MR, Narechania A, Simon S, Durrett R, et al. Genome assembly and

geospatial phylogenomics of the bed bug Cimex lectularius. Nat Commun. 2016; 7: 1–10. https://doi.

org/10.1038/ncomms10164 PMID: 26836631

36. Terrapon N, Li C, Robertson HM, Ji L, Meng X, Booth W, et al. Molecular traces of alternative social

organization in a termite genome. Nat Commun. 2014; 5: 1–12.

37. Colbourne JK, Pfrender ME, Gilbert D, Thomas WK, Tucker A, Oakley TH, et al. The ecoresponsive

genome of Daphnia pulex. Science (80-). 2011; 331: 555–561. https://doi.org/10.1126/science.

1197761 PMID: 21292972

38. Mistry J, Chuguransky S, Williams L, Qureshi M, Salazar GA, Sonnhammer ELL, et al. Pfam: The pro-

tein families database in 2021. Nucleic Acids Res. 2021; 49: D412–D419. https://doi.org/10.1093/nar/

gkaa913 PMID: 33125078

39. Yates AD, Allen J, Amode RM, Azov AG, Barba M, Becerra A, et al. Ensembl Genomes 2022: an

expanding genome resource for non-vertebrates. Nucleic Acids Res. 2022; 50: D996–D1003. https://

doi.org/10.1093/nar/gkab1007 PMID: 34791415
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