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Abstract

Fatty acid synthase is a multifunctional enzyme involved in the formation of fatty acids.
Despite the role of fatty acids in cell signalling and energy metabolism, and as
precursors to pheromones and hydrocarbons that waterproof the cuticle, the insect
fatty acid synthases have been scarcely studied. Here we perform the molecular
characterisation of three fatty acid synthase genes (RPRC000123, RPRC000269 and
RPRCO002909) in the Chagas disease vector, Rhodnius prolixus. Gene expression
screening by RT-qPCR showed that RPRC000123 and RPRC002909 are expressed
almost exclusively in the integument tissue whilst RPRC000269 is mostly expressed in
the fat body and also in several body organs. Phylogenetic analysis, together with gene
expression results, showed that RPRC000269, RPRC002909 and RPRC000123 are
orthologues of Drosophila melanogaster FASN1, FASN2 and FASN3 genes,
respectively. After RNAi-mediated knockdown of RPRC000123, insects died
immediately after moulting to the next developmental stage. However, mortality was
prevented by placing the insects under saturated humidity conditions, suggesting that
dehydration might play a role in insects’ death. Lipid analyses in RPRC000123-
silenced insects showed reduced amounts of integument fatty acids and methyl-
branched hydrocarbons, compared to controls.

These data support an important role for FASN3 in the biosynthesis of the precursors

to hydrocarbons that waterproof the insect cuticle.

Key words: fatty acid synthase, Chagas disease vector, FASN3 gene, insect

integument tissue, cuticle, water loss regulation

This article is protected by copyright. All rights reserved.



Accepted Article

Introduction

Animal fatty acid synthase (FASN) is a lipogenic megasynthase that catalyses all steps
of fatty acid synthesis. It contains seven domains assembled into homodimers, with
high conformational flexibility. Regardless of the natural variation in its structural
organisation, all organisms use a conserved set of chemical reactions for fatty acid
biosynthesis. This process takes place through an iterative series of enzyme reactions
in which an acyl chain is extended by two carbon units with each cycle. Initiation occurs
after acyl carrier protein (ACP) uploads the acyl groups from acetyl-CoA and malonyl-
CoA units, a reaction catalysed by the malonylacetyl transferase (MAT). A
ketoacylsynthase (KS) catalyses a decarboxylative condensation of both acyl-CoA’s to
an ACP-bound B-ketoacyl intermediate. The resulting ketone is then modified by
sequential action of a ketoreductase (KR), a dehydratase (DH) and an enoyl reductase
(ER) yielding an elongated acyl chain which can then be subjected to the same cycle
again until the final chain length, usually a 16-carbon fatty acid, is reached. The acyl
chain is then released by a thioesterase (TE) (Maier et al., 2008).

Long chain fatty acids (LCFA) participate in a large number of biological processes, as
fuel sources, in signal-transduction pathways, cell membrane formation and energy
storage, as well as precursors of a variety of other lipid components with numerous
functions. The interest on animal and microbial FASN has been renewed, mostly
related to cancer research (De Schrijver et al., 2003) and microbial fuel production
(Zhou et al., 2016).

Insect FASNs have been less studied; the first insect FASN purification reported was
from Drosophila melanogaster fat body, showing the highest specific activity compared
to other animal FASNs (De Renobales et al., 1986). This FASN showed an absolute
requirement for malonyl-CoA and no activity was observed when methylmalonyl-CoA
replaced malonyl-CoA. Fat body FASN is responsible for the biosynthesis of major
body storage lipids, mostly deposited as triacylglycerols and transported to different

tissues as diacylglycerols via haemolymph (Arrese et al., 2001).
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Evidence that the insect integument, but not the fat body, is the major site of
biosynthesis of cuticle LCFA and hydrocarbons (HC), was shown in Triatoma infestans,
a triatomine species of high sanitary relevance in South America (Juarez & Brenner,
1989). This result suggested the possible existence of an additional FASN providing
fatty acyl precursors to cuticle HC and other cuticle lipids. The existence of two insect
FASNSs, located in the cytosol and microsomal fractions of the integument, were first
reported in the cockroach Blattella germanica (Juarez et al., 1992); a microsomal
FASN was also reported in T. infestans (Juarez et al., 1996) and in the housefly Musca
domestica (Gu et al., 1997). Integument FASN products are used as precursors to
straight and methyl-branched HC, and other high molecular weight cuticular
components —i.e., fatty alcohols, wax esters- that are essential in waterproofing
properties, and in chemical signalling as contact pheromones, among other functions
(Blomquist & Bagneéres, 2010; Gibbs, 1998; Hadley, 1994; Juarez & Calderén-
Fernandez, 2007; Wigglesworth, 1945). The biosynthesis of the cuticle lipids takes
place in the oenocytes (Wicker-Thomas et al., 2015); these are large subepidermal
cells mostly associated with the integument in Rhodnius prolixus (Wigglesworth, 1933),
T. infestans (Juarez & Brenner, 1985) and D. melanogaster (Billeter et al., 2009) or the
fat body (Martins et al., 2011).

Three putative FASN genes: CG3523 (FASN1), CG3524 (FASN2), and CG17374
(FASN3) were first reported in the D. melanogaster genome (Parvy et al., 2012).
FASNL is expressed only in the adult fat body, whilst FASN2 and FASN3 are both
expressed in adult oenocytes (Chung et al., 2014). The triatomine R. prolixus
(Hemiptera: Triatominae) is one of the major Chagas disease vectors. With a life cycle
and basic biology highly regulated by a blood meal, it has been extensively used as
insect model in founder studies of insect physiology, from the discovery of the moulting
hormone, to insect growth and reproduction regulation (Wigglesworth, 1933,1975).
Three FASN genes (RPRC000123, RPRC000269 and RPRC002909) were recently

reported in the R. prolixus genome (Majerowicz et al., 2017) and additionally, two
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FASN gene fragments are present (RPRC000168 and RPRC000923) with most of the
enzyme’s known domains missing (https://www.vectorbase.org/organisms/rhodnius-
prolixus) (Mesquita et al., 2015). In T. infestans, a search on an integument
transcriptome showed the presence of two integument FASN genes orthologous to
RPRC002909 and RPRC000123, respectively (Calderon-Fernandez et al., 2017).
Evidence that the corresponding FASN activities were differentially affected by
chemical insecticides was previously shown in T. infestans (Juarez, 1995). Given the
relevance of cuticle lipids to insect fitness, affecting critical steps of their metabolic
pathway is expected to alter its major properties as well. Previous studies have shown
that altering HC biosynthesis affected insect survival and desiccation tolerance,
together with an enhanced penetration of chemicals through the cuticle (Juarez,
1994,1996). We hypothesize that integument FASNs have a major regulatory role in
HC production as well, being the main provider of the fatty acyl chains necessary to
initiate HC formation. In order to test this hypothesis, we analysed the expression
pattern of R. prolixus FASN genes in different tissues and performed their phylogenetic
analysis. Both RPRC002909 and RPRC000123 were specific of the integument,
whereas RPRC000269 was mostly expressed in the fat body. RNA interference (RNAI)
experiments showed that RPRC000123 silencing resulted in an abnormal cuticle upon
moulting, with a lethal phenotype in usual rearing conditions; silencing the other two
FASNSs did not affect moulting nor survival. RPRC000123-silenced insects exhibited
deficient water balance ability, which was correlated with a significant decrease in the
straight and methyl-branched LCFA and methyl-branched HC content in the
integument. An increase in the straight chain HC could be attributed to additional non-

integumental LCFA incorporation into the HC biosynthetic pathway.

Results

FASN genes expression in R. prolixus tissues and organs
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Screening of FASN transcript expression in different tissues and organs by reverse
transcription quantitative PCR (RT-gPCR) showed that RPRC000123 and
RPRC002909 were highly expressed in the integument, with a very low expression in
the fat body and brain (Fig. 1A, B). RPRC000269 was expressed in all tissues
examined, with the highest level detected in the fat body (Fig. 1C). The low expression
level of RPRC000123 and RPRC002909 detected in the fat body might be attributed to
contamination with the integument, as both tissues are tightly associated, and complete

separation is challenging during dissections.

Sequence analysis and phylogeny of R. prolixus FASN genes

Sequence analysis of gene annotations deposited in VectorBase
(https://www.vectorbase.org/Rhodnius_prolixus/Info/Index) showed that RPRC000123
consists of 37 exons spanning through contigs ACPB03006445.1 and
ACPB03006446.1. The full length RPRC000123 cDNA sequence is 6546bp, encoding
a predicted protein of 2182 amino acid residues. The annotated protein lacks the MAT
and TE domains (Fig. 2A). RPRC002909 consists of 35 exons spanning through
contigs ACPB03012543.1 and ACPB03012544.1. RPRC002909 cDNA sequence has a
full length of 6171bp, encoding a predicted protein of 2057 amino acid residues.
Alignment of the protein sequence with other insect FASNs showed that it contains 6
FASN domains with the TE domain missing. In addition, the protein has two predicted
transmembrane domains between the amino acid residues 1493 and 1595 (Fig. 2B).
RPRC000269 has 37 exons and is included in the contig ACPB03012542.1. The full
length RPRC000269 cDNA sequence is 6165bp and encodes a predicted protein of
2055 amino acid residues. The protein sequence lacks the DH, ACP and TE domains
(Fig. 2C) however, the latter domain is annotated as a different gene (RPRC000391)
placed in the adjacent contig (ACPB03012541.1).

A phylogenetic analysis of the R. prolixus FASN genes showed that they are

segregated into two different clades, here named as Clade | and Clade II.
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RPRC000269 and RPRC002909 were included in a small cluster together with FASN
genes of other hematophagous hemipterans (T. infestans and Cimex lectularius).
Clade I includes this cluster together with other FASN genes of several insect species
including D. melanogaster (FASNs 1 and 2), the honey bee Apis mellifera, the
cockroach B. germanica and the hemipteran aphid Acyrthosiphon pisum. RPRC000123
was grouped with the FASN3 genes of D. melanogaster and T. infestans, and with
other insect FASN genes forming the Clade I, distantly related to Clade I. Interestingly,
the non-insect sequences used as outgroups (FASN genes of humans, the spider
Stegodyphus mimosarum, the nematode Caenorhabditis elegans, the crustacean
Penaeus vannamei, and the acari Ixodes scapularis) showed a closer relationship to

Clade I than to Clade Il (Fig. 3).

Effect of FASN genes silencing on insect moulting and survival

In order to silence the expression of the RPRC000123, RPRC000269 and
RPRC002909 genes, fourth-stage nymphs were injected with the corresponding
double-stranded RNA (dsRNA) synthetized for each gene (dsRPRC000123,
dsRPRC000269 or dsRPRC002909). A control insect group was injected with dsRNA
from the control gene provided with the silencing kit (dsControl). Insects were
maintained under our standard insectary conditions (27°C, 45% relative humidity (RH)).
Gene silencing efficiency was measured by RT-gPCR 8 days post injection, resulting in
a significant reduction of FASN gene expression (RPRC000123, 94.4% * 2.9%;
RPRC000269, 95% + 1.2%; RPRC002909, 87.5% + 5.9%). Nymphs treated with
dsRPRC000269 or dsRPRC002909 moulted to fifth nymph stage and survived
normally, similarly as those injected with dsControl. In contrast, insects treated with
dsRPRC000123 died immediately after moulting, without concluding the sclerotization

and darkening of their cuticle (Fig. 4).

Integument fatty acids and hydrocarbons in RPRC000123-silenced insects
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In order to address whether the lethality resulting from silencing the RPRC000123
gene is correlated to alterations in the FASN products and major derived end-products,
the integument LCFA and HC of dsSRPRC000123-injected fourth stage nymphs were
analysed by capillary gas chromatography coupled to mass spectrometry (CGC-MS),
and compared to those of dsControl-injected nymphs. The total amount of LCFA was
significantly lower in the RPRC000123-silenced insects (34.04 £ 3.55 pg/integument)
than in the controls (53.26 + 2.44 ug/integument) (Fig. 5A). The analysis of the LCFA
fractions showed that the straight chains, accounting for the 99.20% of the total LCFA
content, diminished significantly in the RPRC000123-silenced insects (33.93 + 3.54
Hg/integument) compared to the controls (52.85 + 2.44 ug/integument) (Fig. 5B). The
methyl-branched fraction, although representing 0.80% of the total LCFA components,
showed a major reduction in the RPRC000123-silenced insects (0.11 + 0.01
Hg/integument) compared to the controls (0.41 + 0.05 pg/integument) (Fig. 5C).

The amount of integument total HC diminished significantly in the RPRC000123-
silenced nymphs (189.93 £ 9.22 ng/integument) compared to the control nymphs
(248.02 + 8.30 ng/integument) (Fig. 6A). A significant reduction of the methyl-branched
HC amount in the RPRC000123-silenced nymphs (113.06 + 6.06 ng/integument)
compared to the control samples (210.87 * 4.82 ng/integument) explained the total HC
decrease (Fig. 6B). Remarkably, straight chain HC amount was significantly higher in
the RPRC000123-silenced nymphs (114.74 + 4.33 ng/integument) than in the controls

(50.72 + 3.94 ng/integument) (Fig. 6C).

High humidity rescue bioassay

A bioassay was performed to test whether the post-moulting mortality observed in
RPRC000123-silenced nymphs (Fig. 4 and 7A) could be attributed to a defective
cuticle water barrier due to reduced amounts of cuticle HC. Both dSSRPRC000123- and
dsControl-injected fourth-stage nymphs were placed into a humid chamber (96% RH,

27°C) 3 days prior to their expected moult to the fifth nymph stage. After insects
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successfully moulted, all RPRC000123-silenced nymphs survived for about 48-72 h
under these conditions, similarly to control nymphs (Fig. 7B). After that period,
RPRC000123-silenced nymphs died even though maintained in a high humidity

environment. Differently, all the control insects survived.

Discussion

Insect’s FASNSs are responsible for the biosynthesis of LCFA, which are essential not
only for the energy metabolism but also as precursors of the very long chain lipids that
waterproof the insect cuticle and participate as pheromones in chemical
communication, among other relevant functions (Wicker-Thomas et al., 2015). In this
sense, insect FASN genes seem to have undergone a process of specialization
through gene expansion and tissue-specific expression. The gene expression results
showed that RPRC000123 and RPRC002909 are almost exclusively expressed in the
integument whilst RPRC000269 is widely expressed in most tissues, but most
predominantly in the fat body (Fig. 1). These results give support to early studies
performed in the triatomine T. infestans, which proposed the activity of different FASNs
based on the existence of two pools of fatty acids derived either from the fat body or
the integument (Juarez & Brenner, 1989).

Rhodnius’ FASN genes have distinct domains missing (Fig. 2), a feature previously
noticed in several insect FASN genes (Finck et al., 2016). As these are very large
genes, usually occupying two contigs with sequencing gaps between them, the lack of
some domains in these megasynthases is probably due to failures in the genome
assembly and/or a wrong gene annotation. In fact, our study shows a fully functional
FASN gene despite the absence of the MAT and TE domains in the gene annotation
(Fig. 2). Another genome feature suggesting some failures in the gene annotations is
the presence of a TE domain upstream to RPRC000269, which was annotated as a
different gene (RPRC000391) (Mesquita et al., 2015). An interesting feature of the

gene RPRC002909 is the presence of two transmembrane domains on the second half
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of the protein sequence. These domains together with its integument localization allow
suggesting that the FASN encoded by this gene might be the orthologue of the FASNs
found in the integument microsomal fraction of B. germanica, M. domestica and T.
infestans in early biochemical studies (Gu et al., 1997; Juéarez et al., 1992, 1996). The
FASN encoded by RPRC000123 would be the orthologue of the FASNSs that in the
same studies showed activity in the integument cytosolic fraction. These biochemical
studies also showed that both FASNs have the ability to incorporate methylmalonyl-
CoA but showed different activities and primer preference, also different from the fat
body FASN (Juéarez et al., 1992). The major difference between both integumental
FASNSs in B. germanica appeared to be related to the turnover of the enzyme-bound
intermediates, rather than to differential binding or affinity for malonyl or methylmalonyl-
CoA as supported by the higher specific activity with methylmalonyl-CoA and the much
higher ability to incorporate methylmalonyl-CoA by the microsomal FASN. However the
amount of the soluble enzyme was much larger than that of the microsomal enzyme
(Gu et al., 1993; Juérez et al., 1992). The phylogenetic analysis (Fig. 3) showed that
insect FASN genes form two distinct clades, suggesting gene duplication from an
ancestral unique gene during insect evolution. Differently, Finck et al. (2016) proposed
the existence of three FASN clusters, based on the domains structure and
organisation. RPRC000269 and RPRC002909, the orthologues of the D. melanogaster
FASN1 and FASN2, are closely related to FASN1 from human and other animal
groups. Differently, RPRC000123 seem to form an insect-specific clade together with
D. melanogaster FASN3 and other insect FASNs. RPRC000269 and RPRC002909
show high similarity (Fig. 3) and are present in tandem in the genome, suggesting they
are derived from a gene duplication event. Interestingly, FASN genes in tandem can be
found in several other insects such as D. melanogaster (CG3523 and CG3524,
http://flybase.org/), T. castaneum (TC015337 and TC015339, http://beetlebase.org/)
the mosquito A. gambiae (AGAP028049 and AGAP(008468,

https://www.vectorbase.org/organisms/anopheles-gambiae), among others. In addition
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to the three FASN genes, R. prolixus has two gene fragments (RPRC000168 and
RPRC000923) with moderate similarity (36-39%) to RPRC000269 and RPRC002909.
The existence of FASN copies in tandem and gene fragments, as well as the larger
number of FASN genes in insect genomes compared to other animal groups, suggests
that gene expansion played a major role in the evolution of these genes in insects
(Finck et al., 2016; Majerowicz et al., 2017). This process generated different genes -
also expressed in different tissues- that might acquire distinct roles in the insect
physiology and metabolism.

To date, the function of insect FASN genes was thoroughly studied only in some
Drosophila species (Parvy et al., 2012; Chung et al., 2014; Wicker-Thomas et al.,
2015) . More recently, Tan et al. (2017) showed that FASN silencing suppress lipid
accumulation, affecting stress tolerance and water content in Colaphellus bowringi
female beetles undergoing diapause. In Drosophila serrata, RNAi-mediated knockdown
of the FASN3 using an oenocyte-specific driver was lethal, whilst knockdown of the
FASNZ2 led to a significant reduction of the cuticle methyl-branched HC, associated to a
decrease in the desiccation resistance (Chung et al., 2014). Using the same approach,
the knockdown of the FASN3 in D. melanogaster had no effect in the cuticle HC
content but led to a moderate decrease in the desiccation resistance whilst knockdown
of the FASN2 caused a reduction of the methyl-branched HC amount but was not
related to the desiccation resistance (Wicker-Thomas et al., 2015). Taking together,
these results show that the function of the FASN genes can be different even in closely
related species.

Our results in R. prolixus revealed that RPRC000123, the orthologue of the Drosophila
FASNS3, is involved in the waterproofing properties of the cuticle. RNAi-mediated
knockdown of RPRC000269 and RPRC002909 had no effect on the moulting and
survival of the nymphs reared under the standard insectary conditions (27°C, 45% RH).
However, knockdown of RPRC000123 triggered insect’s death as soon as they

moulted (Fig. 4). When the RPRC000123-silenced nymphs were exposed to saturated
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humidity conditions (96% RH), the insects survived for about 48-72 hs after moult (Fig.
7), suggesting that high humidity conditions prevented lethal desiccation.

These results pointed out that a reduced lipid content in the newly formed cuticle of
RPRCO000123-silenced insects might enable a rapid water loss through the cuticle as
soon as they emerged from the old exuviae, finally leading to their death. The analysis
of the FASN products showed that RPRC000123 silencing resulted in a significant
reduction of the integument total LCFA (Fig. 5A). Both straight and methyl-branched
components were significantly diminished (Fig. 5B, C), indicating that the FASN
encoded by this gene is involved in the biosynthesis of both chains by accepting either
malonyl-CoA or methylmalonyl-CoA as elongating unit. FASN products are the
expected substrate for elongation reactions to provide the precursor to straight and
methyl-branched HC. Therefore, RPRC000123 silencing also affected the amount of
the integument HC (Fig. 6). Both total (Fig. 6A) and methyl-branched (Fig. 6B) HC
amounts evidenced a quite significant decrease but unexpectedly, the straight chain
HC showed a significant increase in the RPRC000123-silenced specimens compared
to controls (Fig. 6C). This result led us to check the transcript expression of the genes
coding for the Rhodnius CYP4G enzymes (RPRC003227 and RPRC013847), which
are involved in the final step of hydrocarbons formation (Qiu et al., 2012; Balabanidou
et al., 2016). Both genes were significantly overexpressed in the RPRC000123-
silenced specimens compared to controls (data not shown), possibly due to an
alteration in the regulation of the CYP4G transcript expression. This evidence might
explain the increase in the straight chain HC content, likely associated to specific
mobilization of straight chain LCFA that represent the bulk of integument fatty acids —
mostly palmitic and oleic acids- and are mainly stored as acylglycerols in the
integument (Juarez & Brenner, 1985). Also, the increase in the straight chain HC
content could be attributed to additional non-integumental LCFA incorporation into the
HC biosynthetic pathway. Wicker-Thomas et al. (2015) suggested that LCFA synthesis

in the fat body may contribute to the pool of fatty acids used for HC biosynthesis in the
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oenocytes. The overexpression of the CYP4G genes might be a physiological
compensatory mechanism to produce HC from an altered pool of LCFA precursors.
Previous studies in mammals have shown that silencing the FASN1 gene affected the
expression of a large number of genes from several metabolic pathways (Knowles &
Smith, 2007). Also, the up-regulation of genes involved in cell cycle arrest and
apoptotic pathways was also observed, which might explain the death of the insects
few days after moult, suggesting that other pathways were affected in addition to the
lipid barrier (Fig. 7).

The results obtained after RPRC000123 silencing point out that the FASN encoded by
this gene contributes to the waterproofing properties of the R. prolixus cuticle. The
significant decrease in the methyl-branched HC amounts, associated to a lethal
phenotype, strongly suggests that these components are the major responsible for
regulating water balance, although straight chains represent the bulk of the cuticle HC
(Juéarez et al., 2001), and evidence a significant increase in RPRC000123-silenced
insects. The participation of cuticle HC in waterproofing is related to its composition.
Methyl-branched HC, with lower melting points than straight chain HC of the same
carbon number, have been proposed to have a major role in maintaining the barrier
against evaporative water loss (Gibbs & Pomonis, 1995). Using FASN silencing and
desiccation assays in two Drosophila species, Chung et al. (2014) showed a direct
correlation between the ability to survive under desiccation stress and the amount of
methyl-branched HC.

Further studies are needed to address the relevance of the FASN3 in the general
physiology and to explore its role in other pathways that use LCFA as precursors. Also,
considering the selective lethality of FASN3 silencing, it may be interesting to clarify
what physiological mechanisms essential for insect life FASN3 is involved in.
Additionally, finding potential targets for RNAi-based vector control are expected goals

to help contribute improving current vector control strategies.
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Experimental procedures

Insects

R. prolixus fourth- and fifth-stage nymphs were used for experimental procedures.
Third-stage nymphs were provided by the Servicio Nacional de Chagas (Cérdoba,
Argentina), and maintained at our insectary under standard rearing conditions (27°C,
45% RH, 12h light : 12h dark photoperiod) until further use. Insects were fed on rat
blood once per development stage. All animal care and laboratory experimental
protocols were carried out following the INIBIOLP Animal Welfare Assurance No.
A5647-01, the AVMA Animal Welfare Policies and AVMA Guidelines on Euthanasia
(https:/iwww.avma.org/kb/policies/pages/default.aspx,
https://www.avma.org/KB/Policies/Documents/euthanasia.pdf, last accessed January

12, 2019).

Bioinformatic analyses

FASN domains in RPRC000123, RPRC000269 and RPRC002909 protein sequences
were detected and analysed by searching on the InterPro database
(https://www.ebi.ac.uk/interpro/). Gene structure was obtained using the Gene
Structure Display Server 2.0 (http://gsds.cbi.pku.edu.cn/). Phylogenetic analysis was
performed on MEGA software (Tamura et al., 2013). FASN protein sequences of R.
prolixus and other selected insect species were aligned using the ClustalW algorithm
included in the software and then, a phylogenetic tree was constructed using the
maximum likelihood method (Felsenstein, 1981), applying the LG model with gamma
distribution for site substitutions. A bootstrap analysis was performed to test tree nodes

robustness, setting 1000 replications.

RNA extraction and cDNA synthesis

Ten days old fifth-stage nymphs were fed ad libitum and two weeks later, they were

anaesthetised on ice, placed on a Petri dish, and their tissues and organs (brain, fat
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body, integument, Malpighian tubules, midgut and salivary glands) were dissected in
cold saline solution (0.9% NaCl) under a Zeiss Stemi 305 stereomicroscope (Carl
Zeiss, Oberkochen, Germany) using appropriate forceps and scissors. Tissues and
organs were homogenised separately with a rotor—stator homogeniser (Glas-Col, Terre
Haute, USA) and total RNA was extracted using TRIzol Reagent, following
manufacturer’s instructions. Total RNA was quantitated on a Nanodrop 2000c
spectrophotometer (Thermo Scientific, Wilmington, USA) and its quality assessed on a
1% (w/v) agarose gel electrophoresis, stained with ethidium bromide. Single stranded
cDNA was synthesised from 1 pg total RNA using the iScript cDNA synthesis kit (Bio-
Rad, Hercules, USA), in 20ul reaction volumes, according to manufacturer’s
recommendations. The temperature programme for reverse transcription was 5 min at

25°C, 20 min at 46°C, and 1 min at 95°C to stop the reaction.

Reverse transcription quantitative PCR

FASN gene expression in different tissues and in silenced versus control insects was
measured by RT-gPCR using the iQ SYBR Green Supermix (Bio-Rad, Hercules, USA),
on a StepOnePlus Real-Time PCR system (Applied Biosystems, Foster City, USA).
RT-qPCR reactions contained 5 pl Sybr Green supermix, 4 ul cDNA diluted 10-fold, 0.4
ul of each primer (200 nM concentration), and Milli-Q water in a total volume of 10 pl.
Temperature programme for RT-gPCR was: one initial denaturation cycle for 3 min at
95°C, followed by 40 cycles at 95°C for 15 s and 60° for 60 s. In order to check for
unspecific product formation, a post-amplification melting curve analysis was
performed under the following temperature programme: 30 s at 95°C, 30 s at 65°C,
then an increase in temperature to 95°C for 30s with measurement of total SYBR-
Green fluorescence every 0.5°C. B-actin and EF-1 (elongation factor 1) were used as
reference genes for normalisation of FASN gene expression, according to Majerowicz
et al. (2011). The stability of the reference genes was tested using the GeNorm

algorithm (Vandesompele et al., 2002). Primer sequences were designed with the
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GeneRunner v. 3.1 software (http://www.generunner.net/) and are shown in Supporting
information (Table S1). Four biological replicates (5 insects each) were used, and two
technical replicates of each sample were performed in order to check for pipetting
errors. No template and no reverse transcriptase controls were performed to detect
primer dimer formation and contamination with genomic DNA. Primer efficiencies were
determined using 5-fold dilution series (1:5 down to 1:3125) from pooled cDNA to
generate standard curves for each primer pair. The relative quantitation of the FASN
genes in comparison to the reference genes was calculated according to Hellemans et

al. (2007) and expressed as the normalised relative quantity (NRQ) of each one.

FASN gene silencing by RNA interference

Double-stranded RNA was synthesised for each of the R. prolixus FASN genes
(RPRCO000123, RPRC000269, and RPRC002909) using the MEGAscript RNAI kit
(Ambion, Austin, USA), following manufacturer’'s recommendations. FASN gene DNA
templates, which served for dsRNA synthesis, were amplified by PCR using primers
containing the T7 RNA polymerase promoter at their 5’ end. Primers were designed
using the GeneRunner software; primer sequences are detailed in Supporting
Information Table S1. PCRs were performed using the Platinum Tag DNA Polymerase
(Invitrogen, Carlsbad, USA) in total volumes of 50 ul, according to manufacturer’s
instructions. Temperature programme for PCR reactions was: 2 min at 94°C, followed
by 35 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C. DNA and dsRNA
concentrations were measured on a Nanodrop 2000c spectrophotometer, and their
guality and size verified on a 1% (w/v) agarose gel electrophoresis. One microliter of
dsRNA solution (1 pg/ul), either dsRPRC000123, dsRPRC000269 or dsRPRC002909,
was injected in the ventral abdomen of unfed fourth-stage nymphs (n= 150 each)
previously anaesthetised on ice, using a 10 pl Hamilton syringe fitted with a 33-gauge
needle (Hamilton Company, Reno, USA). Insects used as controls of the silencing

experiments were injected with the same amount of the negative control provided with
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the kit (D. melanogaster nautilus gene, a transcription factor involved in muscle
formation in embryos, referred herein as dsControl; n= 150). Insects were fed ad
libitum 3 days post injection, and five days post feeding a sample of each condition was

used to check the efficiency of gene silencing by RT-qPCR.

Integument fatty acid and hydrocarbon analyses

The abdominal integuments of both dsControl- and dsSRPRC000123-injected fourth-
stage nymphs were dissected 14 days post injection as described in a previous section
and stored separately at -70°C in aluminium foil. For fatty acid analysis, the
integuments (3 replicates of 5 insects each for each sample) were homogenised using
a glass homogeniser, and their lipids extracted with chloroform:methanol (2:1). Lipids
were saponified with 10% KOH in methanol (v/v) at 80°C for 60 min, and fatty acids
transesterified to methyl esters with 20% BF3 in methanol (v/v) for 90 min at 65°C.
FAMEs were quantitated by CGC on a Hewlett—Packard 6890 gas chromatograph
(Hewlett Packard, Wilmington, USA) coupled to a flame ionization detector (FID), and
fitted with an OmegaWax 250 capillary column (30 m long x 0.25 mm internal diameter
x 0.25 um stationary phase) (Supelco, Bellefonte, USA (Juérez et al., 2000). Injection
port was operated at 260°C in splitless mode and the FID was held at 300°C. Helium
was used as mobile phase (2 ml/min). Temperature programme for the CGC run was
set as follows: 50°C for 1 min (initial), from 50°C to 175°C at a rate of 50°C/min (ramp
1), from 175°C to 260°C at a rate of 3°C/min (ramp 2), and then held at 260°C for 10
min. FAME peak areas were calculated for each chromatogram (HP Chem Station,
Hewlett Packard) and compared to those of 11-eicosenoic acid (Nu Check Prep,
Elysian, USA), which was used as internal standard for quantitation. Identification of
FAMEs was performed by CGC-MS using a Hewlett—Packard 6890 gas chromatograph
(Hewlett Packard, Wilmington, USA) coupled to an Agilent 5975C VL MS detector
(Agilent, Santa Clara, USA). CGC conditions were the same as described for FAME

guantitation; the MS detector was set up as follows: ionizing energy 70 eV, the ion
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source, transfer line and quadrupole were held at 230°C, 260°C and 150°C,
respectively. FAMEs were identified by library search, analysis of their fragmentation
pattern and comparison with standards similarly run. For hydrocarbon analysis, the
integuments (3 replicates of 5 insects each for each condition) were submerged 48 h in
redistilled hexane in order to extract total lipids. Hexane volume was reduced under a
nitrogen stream, and hydrocarbons were purified by adsorption chromatography on a
mini-column (10 mm x 5 mm |.D.) of activated Biosil A (Bio-Rad, Richmond, USA),
eluting with 4 ml of redistilled hexane. Hydrocarbons were quantitated by CGC-FID on
a Hewlett—Packard 6890 gas chromatograph fitted with a Zebron ZB-5HT Inferno
capillary column (30 m long x 0.25 mm internal diameter x 0.25 um stationary phase)
(Phenomenex, Torrance, USA). Injection port (splitless mode) and FID were set at
360°C. Helium was used as mobile phase (2 ml/min). Temperature programme for
CGC was set up as follows: 50°C for 1 min (initial), from 50°C to 200°C at a rate of
50°C/min (ramp 1), from 200°C to 360°C at a rate of 7°C/min (ramp 2), and then held at
360°C for 20 min. Hydrocarbon peak areas were calculated for each chromatogram
(HP Chem Station, Hewlett Packard) and compared to docosane (Sigma-Aldrich, San
Luis, USA) peak areas, which was used as internal standard for quantitation.
Identification of hydrocarbons was performed by CGC-MS in the same equipment as
described above. Chromatographic conditions were the same as described for CGC-
FID and the MS detector was operated as follows: ionizing energy 70 eV, the ion
source, transfer line and quadrupole were held at 280°C, 360°C and 150°C,

respectively. Hydrocarbons were identified according to Juarez et al. (2001).

High humidity rescue bioassay
Both dsControl- and dsRPRC000123-injected fourth-stage nymphs (n=45 each
condition) were placed into a humid chamber (27°C, 96% relative humidity) 3 days

before moulting to fifth nymph stage, and mortality was daily recorded.
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Statistical analyses

Statistical significance was assessed using a one-way ANOVA followed by Tukey’s
multiple comparison test or an unpaired Student’s t-test, depending on the number of
experimental groups under analysis. Graph Pad Prism 5.01 software (GraphPad

Software, San Diego, USA) was used for statistical analyses.
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Figure legends

Figure 1. Expression pattern of FASN genes in different tissues and organs of R.
prolixus fifth-stage nymphs. The transcription levels of RPRC000123 (A), RPRC002909
(B) and RPRC000269 (C) genes were measured by RT-gPCR in the Malpighian
tubules, midgut, fat body, integument, salivary glands and brain of R. prolixus. For each
gene, the normalised relative quantity (NRQ) was estimated using B-actin and
elongation factor 1 (EF-1) as reference genes. Error bars represent SE of the means of
4 biological replicates (5 insects each). Asterisks indicate significant differences
determined by a One-Way ANOVA followed by a Tukey multiple comparison test (P
<0.05). Significant expression levels were detected in the integument for genes

RPRC000123 and RPRC002909, and in the fat body for gene RPRC000269.

Figure 2. Genomic and protein organization of the R. prolixus FASN genes
RPRC000123 (A), RPRC002909 (B), and RPRC000269 (C). For each one, the
genomic (up) and the protein structures (down) are shown. Green and black numbers
indicate exon and intron size in bp, respectively. Protein domains are marked with
different colour boxes. Animal FASNs contain 7 protein domains (from the amino
terminal to the carboxyl terminal are: KS, MAT, DH, ER, KR, ACP and TE); some of
them are missing in the R.prolixus FASNs. The protein RPRC002909 has two

predicted transmembrane domains (tm) immediately before the ER domain.

Figure 3. Phylogenetic analysis of R. prolixus FASN genes. Sequence codes
correspond to access numbers in GenBank. The dendrogram was constructed using
the maximum likelihood method with 1000 bootstrap replications. Numbers at nodes
indicate the bootstrap support (%). R. prolixus sequences are highlighted in coloured
squares. Insect sequences included correspond to those insects with oenocytes

associated with the integument tissue; they were separated into two main groups,
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Cluster | and Cluster Il. FASN sequences of S. mimosarium, C. elegans, P. vannamei,

I. scapularis and H. sapiens were used as outgroups.

Figure 4. R. prolixus fifth-stage nymph phenotypes resulting from FASN genes
silencing. Ten days old fourth-stage nymphs were injected with dsRNA of each FASN
gene (dsRPRC000123, dsRPRC000269 or dsRPRC002909), or with dsRNA of the
control provided by the silencing kit (dsControl). Insects were maintained at 27°C and
45% RH and fed ad libitum 3 days post injection. They were observed daily until moult
to fifth nymph stage. dsRPRC000269- and dsRPRC002909-injected insects survived
normally after moulting, similarly to dsControl-injected insects. dsSRPRC000123-
injected insects died immediately after moulting, with incomplete cuticle sclerotization

and pigmentation.

Figure 5. Effect of RPRC000123 silencing on the integument fatty acids of R. prolixus
nymphs. Fourth-stage nymphs were injected with either dsRPRC000123 or dsControl
solutions and 14 days later, the integuments were excised, and fatty acids analysed by
CGC-MS. LCFA are expressed as micrograms (ug) per integument. Total (A), straight
chain (B) and methyl-branched (C) LCFA were significantly reduced by 36.08%,
35.80% and 73.18%, respectively in RPRC000123-silenced nymphs compared to
controls. Error bars represent SE of the means of 3 biological replicates (5 insects
each). Asterisks indicate significant differences between control and RPRC000123-
silenced nymphs determined by an unpaired one-tailed Student’s t test (**, P <0.01;

*** P <0.001).

Figure 6. Effect of RPRC000123 silencing on the integument HC of R. prolixus
nymphs. Fourth-stage nymphs were injected with either dsRPRC000123 or dsControl
solutions; 14 days later, the integuments were excised, and HC analysed by CGC-MS.

HC are expressed as nanograms (ng) per integument. Total (A), and methyl-branched
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(B) HC were significantly reduced by 23.42% and 46.38%, respectively in
RPRC000123-silenced nymphs compared to controls; straight chain HC showed a
significant increase (126.22%) (C). Error bars represent SE of the means of 3 biological
replicates (5 insects each). Asterisks indicate significant differences between control
and RPRC000123-silenced nymphs determined by an unpaired one-tailed Student’s t

test (**, P <0.01; ***, P <0.001).

Figure 7. Survival of control and RPRC000123-silenced fifth-stage nymphs after 3
days of incubation at different relative humidity conditions. When reared under our
standard insectary conditions (27°C, 45% RH), dsRPRC000123-injected fourth-stage
nymphs moulted to fifth stage and died immediately after, whilst dsControl-injected
nymphs survived normally after moulting (A). When both insect groups were placed
into a humid chamber 3 days prior to moulting (27°C, 96% RH), the RPRC000123-
silenced nymphs survived for about 48-72 h after moult, whilst the control nymphs
remained alive (n= 45 for each condition) (B). Asterisks indicate a significant difference
between control and RPRC000123-silenced nymphs determined by an unpaired one-

tailed Student’s t test (P <0.001).
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